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Abstract 
Talc and chlorite deposits of southwest Montana formed as hydrothermal replacements of 
Archean and/or early Proterozoic dolomitic marble and quartzo-feldspathic gneiss. Although the 
hydrothermal replacement model is generally accepted, less is known about the temperature, 
composition, and origin of the fluids involved in talc and chlorite formation. The present study 
examines fluid inclusions in quartz associated with both talc and chlorite, stable hydrogen and 
oxygen isotopes of talc, chlorite, and quartz, and stable carbon and oxygen isotopes of carbonate 
minerals. The deposits being examined include the Yellowstone, Beaverhead and Willow Creek 
talc mines, and the Antler chlorite mine.  
Fluid inclusion studies of quartz from Yellowstone show moderately high salinity of 14.3 
±6.1 wt% NaCl eq. and a low homogenization temperature range of 110 ±13.4 °C.  All the 
inclusions are simple two-phase, liquid-rich fluids; the lack of CO2-clathrate or CO2(l) phases 
indicates a low CO2 partial pressure, which would favor talc formation at the expense of 
dolomite. Fluid inclusions from Antler have slightly higher homogenization temperatures of 151 
±14.4°C but lower salinities of 11.3±1.5 wt% NaCl eq. These temperatures are not pressure 
corrected. Na/K thermometry from bulk quartz leachates give temperatures of 216 ±43°C and 
282 ±70°C for the Yellowstone and Antler mines. Anion (Cl-Br) ratios of leachate solutions 
from Yellowstone and Antler have similar compositions, and plot along the seawater evaporation 
trend pointing to evaporated seawater as a possible fluid source. Carbonate isotopes from the 
Yellowstone mine show minor variation in δ13C ‰ (-2.5 to +0.9) and a wider range in δ18O ‰ 
(+9.2 to +27.1, VSMOW) which is consistent with other studies of dolomite associated with talc 
in the Ruby Range. The ranges of O-isotope compositions of talc and quartz from the 
Yellowstone mine are +2.7 to +3.8 ‰ and +11.1 to +15.9 ‰, respectively. The δD values for 
talc range from -53.2 to -45.0. The Antler chlorite mine has a similar range of O-isotopes for 
chlorite and quartz of +4.0 to +7.7 ‰ and 10.7 to 10.9 ‰ respectively and δD values in chlorite 
are -50.7 to -50.1 ‰. These depleted δD values are difficult to explain without the involvement 
of meteoric water during the formation of hydrothermal talc and chlorite.  A model is presented 
in which evaporated seawater, possibly sourced from the mid-Proterozoic Belt Basin, mixed with 
deeply circulated meteoric water to form the Montana talc and chlorite deposits.  
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1. Introduction 
1.1. Talc and its uses  
Montana boasts many mineral commodities, yet one that makes it a world producer is 
often overlooked, talc. Montana has a long history of talc and chlorite mining and production 
spanning more than 70 years, and due to its three operating mines, tens of closed mines and 
nearly 100 prospects with 8,841,000 tons of reserves (Childs 2016; Van Gosen et al. 1998), it 
will continue to be a world leader in the talc industry. Talc was first discovered in Montana in 
the early 1900’s but was not mined until the 1940's (Van Gosen et al. 1998). The initial product 
was a very pure, high density variation of talc, called steatite, used for ceramic insulators. This 
product was in fact in such high demand that the mines operated even during WWII. Talc mined 
in Montana is of very high quality for two reasons: (1) it has very few mineral impurities, such as 
tremolite and other amphiboles, that are common in other large talc deposits and (2) most of the 
larger (thus discovered) deposits are very near surface and can be mined by conventional open 
pit methods. Due to its purity and abundance, Montana talc can be used in many applications 
including paints, ceramics, plastics, catalytic converters, rubber, coatings, agriculture, cosmetics, 
food, and pharmaceuticals as a filler and to assure proper consistency. Chlorite from the Antler 
Mine was mined starting in the 1970’s (Berg, 1983), and a majority of the chlorite was used in 
ceramics. Berg (1979) noted the only impurities in the chlorite were observed by microscopic 
examinations and were very rare. While chlorite is close to talc in composition and is used in 
some of the same applications, large deposits are rare, and little to no previous research exists. 
Other workers (Berg, 1979; Anderson et al., 1990; Brady et al., 1998; Gammons and 
Matt, 2002; Underwood, 2015) have added to the understanding of dolomite-hosted talc and 
gneiss-hosted chlorite deposits in southwest Montana. Figure 1 is a map showing the main talc 
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and chlorite mines referred to in this thesis.  The deposits of focus in this study are the 
Yellowstone and Antler mines. Samples and data were also gathered from the Willow Creek and 
Beaverhead mines and data were compiled from previous studies for the Yellowstone, Regal, 
Treasure, Beaverhead and Willow Creek mines (Figure 1).  
 
 
Figure 1: Map of southwest Montana and location of mines of interest.  
 1 = Yellowstone talc; 2 = Willow Creek talc; 3 = Regal talc; 4 = Treasure talc; 5 = Beaverhead talc; 6 = 
Antler chlorite    
 
1.2. Geologic background 
The Precambrian basement of the Wyoming Province of southwest Montana includes a 
thick sequence of phyllite, quartzite and quartz schist, banded iron formation, amphibolite, mica 
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 kyanite  staurolite schist, quartzo-feldspathic gneiss, and dolomitic marble (James and Hedge, 
1980).  These rocks are highly deformed and in the Ruby Range were subjected to amphibolite 
facies regional metamorphism at roughly 2.7 Ga (James and Hedge, 1980). Traditionally, all of 
these basement rocks were considered to be Archean in age (e.g., James and Hedge, 1980). 
However, more recent work suggests that some of the marble units in the Ruby and Gravelly 
Ranges may be remnants of a Paleoproterozoic continental shelf that was deformed and 
metamorphosed during the 1.7-1.8 Ga “Big Sky Orogeny” (Sims et al., 2004; Condit et al., 
2015). 
 The Belt Basin is a mid-Proterozoic, fault-bounded rift basin located in Montana, Idaho, 
Wyoming and parts of Canada. It contains mostly shallow-water sediments including argillites, 
siltites, sandstones, and carbonates. The sediment package is up to 15-20 km thick, which 
provides ample source rocks for sedimentary-basin fluids that may have played a role in the 
formation of the talc and chlorite deposits of Montana. The closest Belt-age sedimentary rocks to 
the talc deposits are observed north of the Perry Line (the southern extent of the Helena 
Embayment) and to the west in the Pioneer Mountains (Figure 1). While no Belt-age rocks are 
known to exist in proximity to the talc deposits, Childs (2016) proposed that a previously-
unrecognized arm of the Belt basin may have extended across the “talc corridor” (Figure 1). 
USGS magnetic data (Zietz et al., 1980) between the Ruby and Gravelly Ranges suggest that 
typical Precambrian crystalline rocks like those in the Ruby Range may be very deep there, 
which in turn could imply the presence of Belt-aged rocks underlying much of the Snowcrest 
Range and adjacent areas (Richard Gibson, personal communication).     
Throughout the northwestern Wyoming Province, a widespread greenschist-facies 
retrograde event occurred at roughly 1.6 Ga (Cheney et al. 2004), which was coincident with the 
4 
opening of the Belt Basin. Rifting in the Belt Basin began around 1.5 Ga and continued through 
about 1.1 Ga (Sears et al., 1998). Three sets of mafic dike swarms are noted in the area (Wooden 
et al., 1978; Harlan et al., 2008). The oldest dikes are around 1455 Ma, coincident with the 
opening of the Belt basin. While the other ages cluster around 1120-1130 Ma (Wooden et al., 
1978) with a younger set around 778 Ma (Harlan et al., 2008). Most previous workers have 
concluded that Montana talc deposits formed during the waning stages of the rifting event (Berg, 
1979; Anderson et al., 1990). Brady et al. (1998) obtained an 40Ar/39Ar date of 1.36 Ga for 
sericite intergrown with talc from the Ruby Range, and Childs (1985) obtained ages of 1.14 and 
1.03 Ga for sericite at the Beaverhead Mine. Crustal thinning and intrusion of mafic dikes and 
sills may have provided the necessary heat to drive circulation of hydrothermal fluids that 
reacted with basement rocks to form talc and chlorite.   
A compressional tectonic setting in the Cretaceous-Tertiary periods resulted in 
exhumation of Archean-Proterozoic basement rock at the cores of the present-day mountains 
through east-directed thrust faults (Sevier-style deformation) and high-angle normal and reverse 
faults involving the basement rocks (Laramide-style deformation) (DeCelles, 2004; Dickinson 
and Snyder, 1978). This mountain-building event exposed the talc deposits at the surface where 
they were discovered and mined. Magmatism during the same period resulted in the intrusion of 
granitic batholiths (Boulder, Tobacco Root, and Pioneer) and satellite plutons in the late 
Cretaceous, extending into the early Tertiary. It is important to note that Cambrian and younger 
carbonate formations, such as the Meagher Limestone, Pilgrim/Hasmark Dolomite, Jefferson 
Dolomite, and Madison Limestone, are barren of talc mineralization, even when in fault contact 
with the Precambrian basement rock in southwest Montana. 
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1.3. Previous geochemical models of talc and chlorite formation 
. 
 The talc deposits of Montana have been the center of many studies due to their unique 
characteristics and large size (Garihan, 1973; Olson, 1976; Berg, 1979; Anderson et al., 1990, 
Brady et al., 1998; Matt, 1999; Gammons and Matt, 2002; Cerino et al., 2007; Underwood et al., 
2014, 2015, 2016). Previous workers agree that the formation of talc is structurally controlled by 
the intersection of faults and fold hinges (Childs, 2016). Folds acted as traps and faults as 
conduits for fluid flow. However, despite the large number of geologic studies on the Montana 
talc deposits, fundamental questions on the nature of the talc-forming fluids and the temperature, 
pressure, and depth of talc formation are still unanswered. Most workers agree that the large talc 
deposits of southwest Montana formed by hot, silica-rich fluids reacting with and replacing 
dolomite, as in the following reaction (e.g., Gammons and Matt, 2002): 
 
3dolomite + 4SiO2(aq) + 4H2O ↔ 1talc + 3Ca2+ + 6HCO3-                  (1) 
 
The same fluids that formed talc by replacement of dolomite are believed to have formed Mg-
rich chlorite by replacement of quartzo-feldspathic gneiss (Berg, 1979). At some deposits, e.g., 
the Willow Creek and Beaverhead mines, hydrothermal talc and chlorite are found in close 
proximity.   
 Previous workers (Berg, 1979; Anderson et al., 1990; Brady et al., 1998) noted that 
copious quantities of hot water would have been necessary to introduce the amount of silica and 
to remove the amount of calcium and carbonate needed to replace dolomite by talc (reaction 1).  
Volumetric water/rock ratios from the Ruby Range talc deposits estimated by Anderson et al. 
(1990) and Brady et al. (1998) were greater than 600. The source of these fluids is still unknown. 
Based on petrographic evidence, Berg (1979) suggested that the talc-forming fluid could have 
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been derived from meteoric water. Anderson et al. (1990) and Brady et al. (1998) pointed to Mg-
rich seawater as the source of fluid, whereas Underwood (2016) suggested a mixture of meteoric 
water and brine. 
To date, Matt (1999) and Gammons and Matt (2002) are the only fluid inclusion studies 
done on the talc deposits in Montana. Their focus was on the Yellowstone mine and Cadillac 
deposit (now part of the larger Yellowstone mine). Quartz from pods in these talc bodies were 
examined, and abundant, small (5-25µm) fluid inclusions were found and analyzed. Their 
analyses yielded bulk salinities of 25 wt% NaCl and homogenization temperatures ranging from 
98 to 164°C. No CO2 was observed as secondary CO2 bubbles or as CO2 clathrate, indicating 
that the CO2-content of the ore-forming fluid was low (< 1 mole %) (Crawford, 1981). Also, low 
eutectic melting temperatures (< -40°C) gave evidence for Ca-rich fluid trapped in the 
inclusions. Geothermometry studies based on Na-K and Na-Ca-K ratios (Fournier and Truesdell, 
1973; Truesdell, 1984) of quartz leachate performed by Matt (1999) suggest the actual trapping 
temperature of fluid was between 190 and 250°C. By plotting these temperatures along with 
homogenization temperatures from fluid inclusions on a phase diagram of water with 25 wt% 
NaCl eq., a range of trapping pressures was calculated to be between 1 to 3 kbar (Gammons and 
Matt, 2002). These results are in general agreement with pressure and temperature estimates 
proposed by Anderson et al. (1990) and Brady et al. (1998) for talc deposits in the Ruby range. 
Brady et al. (1998) conducted a fairly detailed study of C- and O-isotopes of carbonate 
minerals associated with talc in the Ruby Range. These authors found a negative shift in oxygen 
isotopes in the host marbles with proximity to the talc ore bodies and little to no change in the 
carbon isotopes. This was attributed to a high H2O/CO2 ratio of the fluid, consistent with the 
fluid inclusion data of Gammons and Matt (2002). Assuming the talc-forming fluid had an initial 
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isotopic composition similar to modern-day seawater, a talc formation temperature of 270°C was 
derived based on O-isotope exchange between dolomite-H2O and calcite-H2O (Brady et al., 
1998).   
Brady et al. (1998), together with Underwood (2015) and Buzon (2016), have also 
presented limited data on the O- and H-isotope composition of talc from the Ruby, Greenhorn 
and Gravelly Ranges. These data show that the isotopic compositions of talc from the various 
Montana deposits are similar. Further discussion of the stable isotopes of talc and chlorite is 
given later in this thesis.   
 
1.4. Thesis objectives 
The objective of this study is to use additional fluid inclusion and stable isotope work to 
characterize the fluids and formation conditions associated with the talc and chlorite deposits of 
southwest Montana. This thesis will use previous work (Anderson et al., 1990; Brady et al., 
1998; Gammons and Matt, 2002; Underwood, 2015) as well as add additional data and insights 
to the formation of these deposits. The deposits of interest for the present study are the 
Yellowstone and Willow Creek talc mines and the Antler chlorite mine. Compared to the Ruby 
Range deposits (Brady et al. 1998), few stable-isotope data have been collected from the 
Yellowstone mine and none from the Antler mine. New fluid inclusion data will be collected 
from the Antler chlorite mine and the chemistry of the ore forming fluids will be compared to 
those at the Yellowstone mine. The results obtained in this thesis will be combined with recent 
isotopic measurements of Buzon (2016) and Underwood (2015) to better constrain the origin of 
the talc- and chlorite-forming fluids.    
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2. Methods 
2.1. Sample collection 
Talc-quartz-dolomite samples were collected on several trips at the Yellowstone mine 
from various locations within the mine. Samples of what are thought to be unaltered marble were 
collected in and around Johnny Gulch, approximately 2 km southwest of the main pit (site map 
in Appendix B). These samples included dolomitic marble, and irregular quartz veins that had no 
visible talc alteration. This quartz is of interest as it may be related to the quartz pods found in 
the mine. Additional samples from the Yellowstone mine were supplied by Luzenac (former 
owners of the mine) that contained pods of coarse grained (1-10 cm crystals) quartz or dolomite 
surrounded by talc. These samples were collected between 2000 and 2004 and consisted of 
oversized pieces of impure talc that would normally be discarded in the mill but were saved for 
research. Samples of chlorite and quartz veins cutting chlorite from the Antler mine were 
collected from dumps along the main access road, and from an outcrop to the immediate south of 
the main pit.    
 Samples from Willow Creek and Beaverhead mines were collected by, and used with the 
permission of, Dr. Sandra Underwood. These samples contained talc, chlorite and quartz. When 
possible, the analyses were done on a sample containing multiple minerals of interest: talc, 
chlorite, quartz and dolomite. Coexistence of these minerals is important as chemical equilibrium 
is a requirement for many of the methods used in this study to be valid. 
 
2.2. Petrography 
Thin section and polished section petrography was done on samples from Yellowstone, 
Antler and Willow Creek mines to verify mineral identification and to observe textures and 
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relationships the minerals had with each other. A set of thin sections was made by National 
Petrographic Inc. and observed using a Meiji MT9930 microscope set up for transmitted light. 
For use in some of the analytical equipment, polished epoxy plugs were made. 
Initial identification of minerals was made using a Terraspec HALO shortwave infrared 
(SWIR) mineral analyzer which focuses calibrated infrared light onto the sample and compares 
the returned spectra with known mineral spectra in its internal database. The HALO was used to 
differentiate between clay and carbonate mineral quickly in the field.  
 Raman micro-spectroscopy was used to identify minerals that could not easily be 
separated. Small pieces of sample were fixed to slides using putty and analyzed using the 
Renishaw inVia Raman microscope at Montana Tech. 
Mineral identification was also verified using an Olympus XTerra X-ray diffractometer 
(XRD). Small amounts of the target mineral (>0.1 g) were powdered using a steel piston crusher 
and sieved using a 150 µm (100 mesh) sieve. The powdered sample was placed into the vibration 
chamber and run using the default settings. The diffractograms obtained were compared to a 
database of mineral standards using X Powder software. 
 A limited amount of scanning-electron microscopy (SEM) was also done in this thesis.  
The SEM used in this study is the LEO 1430VP Scanning Electron Microscope located in the 
Center for Advanced Mineral and Metallurgical Processing (CAMP) at Montana Tech. Images 
were taken in back-scatter electron (BSE) mode, and chemical analyses were obtained using 
electron dispersive spectroscopy (EDS). Gary Wyss assisted with the SEM work.   
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2.3. Fluid inclusions 
2.3.1. Selection and preparation 
Samples of quartz and dolomite from the Yellowstone mine were chosen from a 
collection of “quartz pods” set aside by the mill employees. Samples from the Antler mine were 
collected from an outcrop of quartz veins with chlorite alteration to the immediate south of the 
main open pit. These samples were cut to fit inside 2.5 cm molds. The molds were then filled 
with epoxy and allowed to cure overnight. The bottom surface of the epoxy plugs was polished 
using an automated Buehler AutoMet 250/EcoMet 250 polisher first with a 75 µm lap for an 
initial grind, then a 15 µm lap to polish and an 8µm lap for final polishing. The polished sides of 
the plugs were then glued to a 46 x 27 mm glass slide using generic super glue. After a 24-hour 
cure time, the plugs were cut using a Hillquist sectioning saw to approximately 2 mm and the 
saw kerf was removed, and the section was planed, to assure consistent thickness, using the lap 
side of the same saw. The sections were then polished on the cut side again on a Buehler 
AutoMet 250/EcoMet 250 polisher using 15 and 8 µm laps until the entire surface was reflective. 
The slides were then placed in an acetone bath to dissolve the super glue and remove the quartz 
chip from the slide and to separate it from the epoxy. 
In the case of the dolomite samples, cleavage fragments were broken off and thin pieces 
with enough surface area were selected and analyzed. 
 
2.3.2. Heating and freezing runs 
When minerals form from hydrothermal fluids, small amounts of that fluid are trapped 
within the mineral. If the minerals are transparent, these inclusions can be observed and studied. 
Normally the inclusions contain a vapor bubble at ambient conditions caused by the difference in 
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temperature and pressure from when that mineral formed. By using a fluid inclusion stage, the 
sample can be heated to a temperature that is closer to the temperature of formation. The chip is 
heated until the vapor bubble disappears. The temperature observed when the two phases 
combine is known as the homogenization temperature and is considered a minimum temperature 
at which the inclusion was trapped. The sample can also be cooled on the stage until the liquid in 
the inclusion freezes, after which it is slowly heated until the ice melts. This temperature is 
referred to as the ice melting temperature and can be used to calculate a salinity of the ore 
forming fluid. The theory is described in more detail by Roedder (1984). 
The heating and freezing runs in this study were completed using a USGS gas-flow stage 
as shown in Figure 2. This stage is attached to an Olympus BH-2 microscope with a Leitz 37x 
long focal length objective and set up for transmitted light. The mineral chips were placed in a 
circular chamber containing several glass plates and the chip is held in place by the wire of a 
thermocouple which in turn measures an instantaneous temperature during the run. For heating 
runs, compressed air is blown through a chamber and across the stage to minimize any thermal 
gradients. The heat is delivered via a resistance torch and controlled using a variable transformer 
or variac and can be switched off using a foot pedal. The foot pedal also records the temperature 
of the sample when the pedal is compressed. Freezing runs are conducted similarly using a 
combination of liquid nitrogen and compressed nitrogen gas to rapidly cool the samples to 
around -100°C. Samples are then warmed back up to ambient temperature by balancing the flow 
of cold air with heating from the torch.  In Dr. Gammons’ lab, the accuracy of the thermocouple 
is checked approximately twice a year using synthetic fluid inclusions of known homogenization 
temperature and ice-melting temperature: accuracy is estimated at ±0.1ºC near 0ºC, and ±1ºC at 
300ºC.   
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For each inclusion, both heating and freezing runs were ideally collected, although for 
many inclusions this was not possible. A typical heating run for this study consisted of heating 
the sample to around 100 ± 25°C. The rate of heating was slowed down to roughly 5ºC per 
minute as the homogenization point was reached. When the vapor bubble was completely 
incorporated into the liquid phase, the foot pedal was depressed, and the inclusion was observed 
to see if the vapor bubble returned. If the bubble returned after the stage had only cooled a few 
degrees, the two phases never completely homogenized, and the process was repeated. If the 
bubble returned only after the stage was cooled approximately 50°C the temperature was 
recorded as the homogenization temperature (Th), and the process was performed on another 
inclusion. A freezing run consisted of rapidly cooling the sample to around -60 ± 10°C. When 
the liquid froze it changed from transparent to a dark and “bumpy” ice. The sample was then 
slowly heated back to ambient temperature until the last ice melted, and the temperature was 
recorded as the ice melting temperature (Tm). The heating rate was slowed to roughly 2ºC per 
minute as Tm was approached.   
 
 
Figure 2: Fluid inclusion equipment used in this study 
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2.4. Fluid inclusion leachates 
Quartz samples from the Yellowstone and Antler mines were broken to mm-sized pieces, 
and fragments that were free of mineral inclusions and staining were selected using a binocular 
microscope. Approximately 10 g of each sample was collected and crushed in an agate mortar 
and pestle to open the contained fluid inclusions. The powders were then leached with 20 mL of 
de-ionized water overnight to dissolve the solutes in the fluid inclusions. The mortar and pestle 
were thoroughly washed with deionized water between each sample. A blank was prepared by 
adding water to the mortar then grinding with the pestle in the same manner as the other samples. 
The samples and blank were filtered using a 0.2µm filter into two polyethylene bottles. Water in 
the first bottle was preserved with 0.1 mL of ultra-pure HNO3 and set aside for inductively 
coupled plasma-optical emission spectroscopy (ICP-OES) analysis of major cations (Na, K, Mg, 
Ca). Water in the second bottle was not acid-preserved and was set aside for ion chromatography 
(IC) analysis of anions (Cl-, Br-, I- and SO4
2-). The samples were analyzed in the Montana 
Bureau of Mines and Geology (MBMG) laboratory following their standard QA/QC protocols. It 
should be mentioned that this method cannot be used to determine the absolute concentration of 
solutes in the fluid inclusions. It can only determine the relative amounts of the major cations 
and anions.   
 
2.5. Stable isotopes 
2.5.1. Carbonate minerals 
Representative samples of dolomite from the Yellowstone mine and surrounding area 
were selected for stable isotope analysis (both 13C and 18O). These samples included dolomitic 
marble several km away from the mine, dolomitic marble immediately adjacent to the 
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metasomatic front where talc had formed, and late dolomite filling pods surrounded by talc. 
Small amounts of dolomite were separated from the main hand sample and observed under a 
binocular microscope to remove fragments of other minerals (mostly quartz and talc) and the 
samples were then powdered using a ceramic mortar and pestle. Approximately 20 g of each 
powdered sample, stored in a glass vial, was submitted to the University of Wyoming Stable 
Isotope Facility (UW-SIF) for analysis. The UW-SIF lab acidified the samples with phosphoric 
acid injected into vials containing the sample. The samples were placed on the bench top at room 
temperature and allowed to react for 24 hours. The acid reacted with the CO3
2- in the minerals 
releasing CO2. After the reaction was complete, a sample of the headspace gas was injected into 
a Thermo Gasbench for gas separation and a Thermo Delta Plus XL isotope ratio mass 
spectrometer (IRMS) for stable isotopic analysis. The values for δ13C and δ18O are reported in 
per mil (‰) and standardized using the Vienna Pee Dee Belemnite (VPDB). The 18O values 
were later converted to Vienna Standard Mean Ocean Water (VSMOW) to be consistent with O-
isotope data for other minerals examined in this study. The maximum analytical uncertainty for 
13C and 18O is estimated to be ± 0.2‰ (parts per thousand).   
 
2.5.2. Silicate minerals 
Silicate-mineral separates (quartz, talc, chlorite) were sent to the Stable Isotope 
Laboratory at the University of Texas at Austin for oxygen and hydrogen isotopic analysis. Each 
mineral of interest was separated from the large sample and broken into small fragments. These 
fragments were examined using a binocular microscope and fragments containing impurities 
were removed. Fragments approximately 2mm in diameter of pure talc, chlorite or quartz were 
washed in an ultra-sonic bath and rinsed in dilute hydrochloric acid to remove carbonate 
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impurities. Samples of pure talc or chlorite to be used for hydrogen isotope analysis were 
powdered in a mortar and pestle.  
Oxygen and hydrogen stable isotope analyses were conducted at the University of Texas 
at Austin on a ThermoElectron MAT 253 mass spectrometer. δ18O values were measured on 
individual mineral fragments using the laser fluorination method of Sharp (1990). To check for 
precision and accuracy of oxygen analyses, a garnet standard UWG-2 (δ18O=+5.8‰) (Valley et 
al., 1995) and an in-house quartz standard (Lausanne-1, δ18O= +18.1‰) were run. All δ18O 
values are reported relative to the Vienna Standard Mean Ocean Water (VSMOW).   The 
analytical error in 18O is estimated to be ±0.1‰. δD values of talc and chlorite were determined 
on ~1 mg of powdered material using the method of Sharp et al. (2001). The samples were 
loaded into silver capsules, which were pyrolyzed in a ThermoElectron MAT TC-EA (high 
temperature conversion elemental analyzer). All data were normalized to biotite standard NBS-
30 (δD = –65‰) and the results are reported relative to VSMOW. The error on each δD analysis 
is ±2‰. 
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3. Results 
3.1. Field relationships and petrography 
3.1.1. Yellowstone mine 
The Yellowstone mine is known for its high-grade ore and very few mineral impurities. 
The ore body is bound between faults as shown in Figure 3. Samples were collected from the 
west side of the pit straddling the Growth Fault, and on the east side of the pit near the eastern 
border of the main talc ore body. Few samples were collected from the center of the pit because 
there are no other minerals besides talc. A detailed description of the samples used in this study 
can be found in Appendix B. A photograph of the east ore zone unconformably overlain by 
Quaternary Huckleberry Ridge Tuff is shown in Figure 4. 
 
Figure 3: Simplified geologic map of the Yellowstone mine. Sample collection sites indicated by dashed circles 
 (ore bodies and faults from Childs, 2016) 
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Figure 4: View of Yellowstone pit looking south. Huckleberry Ridge Tuff capping talc ore. The east ore zone 
is visible on the left-hand side of the figure. Photo taken March 2017 
 
3.1.1.1. Mill reject samples 
 The sorters in the mill discard any rock that has visible impurities. In the early 2000s, 
some of these pieces were set aside for a project proposed by Chris Gammons. While impurities 
such as quartz are uncommon at the Yellowstone mine, the discarded samples are useful in 
understanding how the deposit formed.  
 There are four varieties of quartz included in the reject samples: pods, crusts, fine-grained 
“brown” quartz and “bone talc”. The pods are milky white to colorless and can be as large as 10 
cm across. Some of the larger samples have visible growth bands for individual crystals (Figure 
5). Because these hand samples were not collected in place it is difficult to understand their exact 
field relations, but it is notable that the mineral boundaries were variable. Sometimes the quartz 
was in contact with just talc or just dolomite and other times all three minerals were in contact. 
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The talc was medium green in color and was the most abundant mineral in the samples. The 
dolomite associated with the quartz pods was brown/red and fine-grained. The dolomite grains 
were only visible in thin section when viewed using a petrographic microscope. The brown/red 
color of the dolomite in Figure 5 suggests that this particular sample came from near the Growth 
Fault. Dolomite associated with talc in the east ore body is gray in color.   
 
 
Figure 5: Typical view of a quartz pod with green talc (left), milky white quartz with growth bands (middle) 
and brown dolomite (right) 
  
In one sample (Y3), dolomite crystals being replaced by talc were visible in thin section 
(figure 6). There is also one sample (Y13) that had very large, white/gray crystals of dolomite 
that were being replaced by talc around the edge (Figure 7).   
5 cm 
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Figure 6: Photomicrograph of dolomite crystals (dark crystals) being replaced by talc (yellow matrix) 
 
 
Figure 7: Photomicrograph of contact between coarse-grained dolomite and talc 
 
Some samples that had both dolomite and talc had a thin crust of chalcedonic quartz along the 
mineral contact (Figure 8). This type of crust is also sometimes found between coarse, podular 
quartz and talc. The yellowish-white crust in Figure 8 was identified as quartz via XRD analysis.   
1 mm 1 mm 
1 mm 1 mm 
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Figure 8: Yellow/white quartz crust between dolomite, quartz and talc 
 
 Fine-grained quartz with abundant hematite inclusions was found in one sample (Y15) 
which contains both white podular quartz and brown, fine-grained quartz (Figure 9). This brown 
quartz was initially misidentified as dolomite due to its color and texture but was identified in 
thin section as quartz. The brown color comes from inclusions of hematite in the quartz. The 
contacts between the brown quartz and the other minerals in the sample (white quartz and talc) 
are very jagged. Where brown quartz contacts talc, there are voids filled with small (<1 mm), 
euhedral quartz crystals.  The brown quartz was different from other samples and may have 
formed from a different, probably later hydrothermal event.  
5 cm 
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Figure 9: Photomicrograph of fine-grained quartz with hematite (bottom) fine grained talc (top) 
 
The last type of quartz observed is what workers at the mine refer to as “bone talc” (Figure 10). 
This “bone talc” consists of approximately 50% white (not green) talc and 50% veins of 
colorless, fine-grained quartz. There are many open voids as well. The “bone talc” is undesirable 
because of the large amounts of quartz, so areas known to have this variety of quartz-talc 
intergrowth are carefully mined or avoided. 
 
  
Figure 10: White “bone talc” with gray quartz veins  
3 cm 
1 mm 
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3.1.1.2. West side outcrops 
 The west side of the talc orebody at Yellowstone is bound by a large normal fault called 
the Growth Fault or Main Fault. This area is characterized by rocks with a purplish-red hematite 
staining. Samples of each mineral of interest (talc, quartz and dolomite) with hematite staining 
were all collected in this area. West of the fault is mostly coarse, dolomitic marble with little to 
no talc. The dolomite is either red or white and some very large crystals are present (> 20 cm), 
along with milky quartz. In the past, these crystal-lined cavities were known as “honey holes” 
and provided some museum specimens.  Along the fault, talc is present as broken clasts and 
veinlets or stringers.  A vein of dense, pinkish talc was observed in this area, with a sharp contact 
with the surrounding dolomite (Figures 11 and 12). East of the fault the dolomite is less red in 
color and veinlets or ribbons of green talc are present (Figure 13). 
 
 
 
 
 
 
 
 
Figure 11: Pink talc vein cutting purple-gray dolomite near the 
Growth Fault   
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Figure 12: Hand sample of pink talc from the "talc vein" 
 
 
Figure 13: Talc ribbons in gray dolomite 
2 cm 
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3.1.1.3. East side outcrops 
 The east side of the mine is bound by a fault known as the South Pit Fault (Figure 3). 
Multiple types of dolomite were collected in this area. The most notable is a gray, fine-grained, 
dolomitic marble that appears to be essentially unaltered marble host rock. Associated with this 
marble is white dolomite that is coarser than the gray marble. The color of talc found in this area 
varied from almost white to different shades of green to dark gray (Figure 14). Irregular calcite 
veins with a pale-orange color were observed on some of the freshly blasted boulders. The 
calcite seems to occur in fractures cutting the talc and presumably is much younger than the talc 
(Figure 15). Adjacent to the South Pit Fault there are large, boulder- to car-sized masses of 
dolomite that are surrounded by talc (Figure 16). One sample with weathered pyrite was also 
found in the east ore zone. The pyrite had been almost entirely replaced by hematite, but the 
shape of the pyrite crystals is still visible (Figure 17). 
 
 
Figure 14: Variations in color of talc from east ore zone 
         5 cm          5 cm 
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Figure 15: Late calcite veins (pale orange) in fractures cutting talc from east side of pit 
 
 
Figure 16: Photo of talc and dolomite (circled areas) in the east side of pit. Photo taken March 2017 
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Figure 17: Hematite pseudomorphs after pyrite in talc from east ore zone 
 
3.1.1.4. Johnny Gulch outcrops 
 Samples of dolomitic marble and quartz were collected from Beaverhead National Forest 
road 324, approximately 2 km southwest of the mine. The marble collected in this area was 
considered a specimen of host rock that is far removed from the mine, thus providing 
background values. The marble in this area is light brown to gray with similarly colored 
weathering rinds (Figure 18). Pods and fingers of quartz (Figure 19) were found in this area 
which raises the question of whether this form of quartz is related to the “quartz pod” samples 
taken from the mill.  However, no talc was found around the edges of the quartz.   
5 cm 
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Figure 18: Distal dolomitic marble 
 
 
Figure 19: Distal marble with quartz pods 
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3.1.2. Antler mine 
 Chlorite and quartz samples were collected from the dumps of the Antler Mine. These 
samples were mostly dark green blocky chlorite with milky quartz. The samples from the Antler 
Mine show both ribbon and dilational veining indicating this area was a trans-tensional setting 
(Figure 20).  
 
 
Figure 20: Samples of quartz and chlorite from Antler mine 
 
 The chlorite at the Antler Mine occurs in near vertical veins and masses that strike north-
south and range from a few centimeters to 10 m across. The veins are monomineralic and are 
hosted in a quartzo-feldspathic gneiss. The massive chlorite is dark green and exhibits a fracture-
cleavage that is spaced approximately 1 cm apart. Small pods and veins of milky white quartz 
occur along fractures in the chlorite. Some of the samples that were collected from the dumps 
had patches of a golden-yellow, needle-shaped mineral that was later identified as rutile, TiO2 
(Figure 21A). Rutile was also observed with a needle-like habit associated with quartz (Figure 
21B) and one large, stubby crystal (1 cm) of rutile was found adjacent to quartz and chlorite 
(Figure 22). Both types of rutile (fine, acicular vs. coarse, stubby) were analyzed by Raman 
microscopy and SEM-EDS and were found to be identical in composition and structure. Berg 
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(1979) noted that the dark, crystalline rutile at the Antler mine is relic from the gneiss and can 
thus yield little information as to the formation of the chlorite. The golden, acicular rutile 
represents a younger generation of rutile that possibly formed at the same time as the chlorite. 
The golden rutile did not form as a weathering product as TiO2 is highly insoluble, especially in 
weathering conditions. Small inclusions of monazite and xenotime were observed via SEM and 
are shown in Figures 21C and 21D, but it is unclear if they are associated with the older, 
crystalline rutile or the younger, golden rutile. These minerals could possibly be dated by U-Pb 
methods, but this fell outside the scope of this study.  
 
 
 
 
Figure 21: Photos of rutile from Antler Mine. B is under reflected light, showing intense internal reflections of 
rutile. C and D are SEM-BSE images  
 
B A 
C D 
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Figure 22: Rutile crystal with quartz on left and chlorite on right 
 
 
Roughly 100 m south of the south rim of the Antler pit an outcrop of quartzo-feldspathic 
gneiss was found that was cut by a swarm of narrow, vertical quartz veins (Figure 23). Each 
quartz vein was bordered by a thin (several mm) zone of dark green chlorite that graded outward 
into pale sericite and then to unaltered gneiss. The orientation of the vein swarm roughly 
connected with the main chlorite ore body. Based on these observations, this quartz is thought to 
be coeval with the large chlorite body that was mined out.   
1 cm 
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Figure 23: Vertical quartz veins rimmed by chlorite near the Antler Mine 
 
3.1.3. Willow Creek and Beaverhead mine samples  
 Samples of talc and chlorite from the Willow Creek and Beaverhead mines were 
provided to the author by Dr. Sandra Underwood. The Willow Creek mine is situated in a thin 
layer of marble surrounded by gneiss and is described in detail by Berg (1979) and Childs 
(2016). The deposit occurs mainly along northwest dipping units. The overall sequence of the 
units from bottom to top are as follows: gneiss topped by calcitic marble, then dolomitic marble 
which grades into talc and chlorite, and finally another thick unit of gneiss. The gneiss that is in 
contact with the chlorite body shows chloritic and sericitic alteration. The talc is very white and 
shows good foliations in one direction. The chlorite from Willow Creek exhibits two different 
habits, one blocky and dark green and the other is silver/green and platy.  
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 The Beaverhead Mine is located to the southeast and past the top of the pit boundary at 
the Treasure mine. The geology consists of a layer of steeply dipping talc surrounded by 
undifferentiated metasedimentary rocks and the gneiss as shown in Figure 24. 
 
Figure 24 Geology of the Beaverhead and Treasure mines. Talc and marble are combined and represented as 
red solids.  From Childs (2016) 
 
The talc from the Beaverhead mine is pale green, and the chlorite had three different habits. The 
easiest to identify was a blocky, medium green chlorite similar in appearance to chlorite from the 
Antler mine. A second type of chlorite was fine-grained and pale green and looked similar to 
talc. The third variety of chlorite occurred as large blades up to 15 cm long with a silvery-gray 
color. The different types of chlorite are shown in Figure 25. The mineralogy of all three types 
was confirmed as clinochlore by XRD analysis. The textures in the chlorite and quartz in  
Figure 24 resemble those found in pegmatites, i.e. large crystals and graphically intergrown 
quartz + feldspar.   
 
Biotite gneiss
Treasure 
talc/marble 
unit
Beaverhead 
talc/marble 
unit
Amphibolite
Quartzo-feldspathic 
gneiss? ?
1000 ft.
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Figure 25: Chlorite variations from the Beaverhead mine 
 
3.2. Fluid inclusions 
Fluid inclusions in the quartz pods from the Yellowstone Mine and in quartz veins from 
the Antler Mine were numerous and greatly varied in size. Data collected from the fluid 
inclusions are tabulated in Table VIII (Appendix A). Most of the inclusions were smaller than 2 
µm. Those used in this study were between 5 and 45 µm in diameter. All the fluid inclusions 
observed were simple, two-phase aqueous inclusions with small vapor bubbles. The vapor 
bubbles occupied approximately 10-15 percent of the surface area of the inclusions. The larger 
inclusions >30 µm were irregularly shaped while those <30 µm had rounded edges. No CO2-rich, 
3-phase inclusions were found in this study. It was not possible to differentiate primary vs. 
secondary inclusions in this study. However, it was concluded that the fluid inclusion results 
reflect a single hydrothermal episode since all of the Th and Tm data from a given specimen fell 
in a single cluster. Figure 26 shows a typical view of the fluid inclusions from the Yellowstone 
Mine. 
 
5 cm 5 cm 
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The inclusions in quartz from Yellowstone homogenized at 110.0 ± 13.4 °C (average ± 1 
standard deviation) and those from the Antler Mine homogenized at 151.5 ± 14.4 °C (average ± 
1 standard deviation). Of the 64 inclusions analyzed, 48 were in four samples of quartz from 
Yellowstone Mine, 6 were in one sample of dolomite from Yellowstone Mine and 10 were in 
two samples of quartz from Antler Mine. All the inclusions homogenized via vapor bubble 
disappearance. Figure 27 shows a smooth curve in the distribution of homogenization 
temperatures, with those from the Yellowstone Mine having lower temperatures than those from 
the Antler Mine, with some overlap. 
Figure 26: Typical view of fluid inclusions in quartz from the Yellowstone Mine 
35 
  
 
Salinities were calculated after the method of Potter et al.  (1978) using the equation: 
ws = 1.76958  - 4.2384 x 10-2  2 + 5.2778 x 10-4  3 ± 0.028  
(1) 
  
where ws is the wt% NaCl equivalent (eq) of the trapped fluid and  is the freezing point 
depression or zero minus the ice-melting temperature (Tm). The average salinities (± one 
standard deviation) for the fluid inclusions in quartz at Yellowstone and Antler are 14.3 ± 6.1 
wt% NaCl eq. and 11.3 ± 1.5 wt% NaCl eq. respectively (Figure 28). No halite daughter 
minerals were observed in the inclusions. The salinities from the Yellowstone Mine, shown in 
Figure 28, have a bimodal distribution with one peak at 6 wt% NaCl and another at 15 wt% 
NaCl. This could indicate the mixing of two fluid, but more data are required to fully understand 
this. 
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Figure 27: Histogram of fluid inclusion homogenization temperatures in quartz and 
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 Figure 29 shows the samples where both homogenization and melting temperatures were 
recorded from a single inclusion. The inclusions from the Yellowstone Mine are scattered with 
no apparent trend while the samples from the Antler Mine show a weak positive correlation 
between homogenization temperature and salinity. 
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Figure 29: Salinity vs. Homogenization temperature 
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3.3. Fluid inclusion leachate samples 
Data from the fluid inclusion leachate analyses used in this study are summarized in 
Table I. Table IX (Appendix A) contains all the anion and cation concentrations reported from 
ICP-OES and IC analysis. There was very little contamination from the process as shown by the 
blank sample. The values for the blank for Ca, Na, Cl and Br were only slightly above the 
detection limit and well below the lowest value of the actual samples. The exceptions to this are 
fluoride, nitrate and sulfate for which the blank and the samples had similar values, but those 
anions were not of interest in this study (Table IX in Appendix A). 
Table I: Quartz leachate data 
 
Sample 
Cl 
mg/L 
Br 
mg/L 
Na 
mg/L 
Ca 
mg/L 
K 
mg/L 
Mg 
mg/L 
Cl/Br 
mg/L 
Cl/Br 
mol 
Na/Br 
mg/L 
Na/Br 
mol 
Na/K 
mg/L 
Blank 0.32 - 0.04 0.19 - - - - - - - 
A3GH 19.1 0.18 5.2 6.5 1.0 3.1 105.5 237.8 28.6 99.3 5.02 
A4GH 16.7 0.18 4.4 4.6 1.6 2.2 92.8 209.1 24.7 85.7 2.81 
A7GH 50.1 0.68 15.3 15.9 1.7 0.8 73.7 166.1 22.5 78.2 8.84 
Y1GH 57.0 0.74 12.9 11.8 1.5 5.3 76.6 172.7 17.3 60.3 8.66 
Y3GH 21.2 0.27 5.9 7.1 0.4 0.6 77.9 175.7 21.8 75.9 16.14 
Y5GH 10.7 0.13 3.1 3.8 0.5 0.5 82.3 185.5 24.1 83.7 6.21 
Y6GH 5.2 0.12 2.4 2.4 0.5 0.1 43.9 98.9 20.0 69.5 5.22 
Y7GH 49.3 0.65 12.2 15.1 0.8 1.5 75.5 170.2 18.7 64.9 15.17 
Y8GH 17.3 0.23 5.1 5.9 0.5 1.3 75.5 170.3 22.4 78.0 10.36 
Y10GH 39.2 0.47 13.7 8.2 0.7 0.5 83.1 187.2 29.0 100.9 19.97 
Y11GH 30.0 0.39 7.0 8.3 1.0 3.1 77.9 175.6 18.3 63.5 6.89 
Y15GH 31.6 0.40 8.6 10.5 0.8 0.8 79.2 178.5 21.7 75.3 10.59 
Y16GH 22.5 0.15 9.1 6.3 1.9 1.7 147.1 331.5 59.5 206.7 4.87 
A- Antler mine, Y- Yellowstone mine 
 
Figure 30 shows the charge balance between the anions (Br, Cl) and cations (Ca, K, Na, 
Mg). When plotted in units of milli-equivalents per liter (meq/L), each independent leachate 
sample plots near the 1:1 line. This is evidence that the lab results were accurate (note that anion 
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and cations were analyzed separately) and that there were no “missing” solutes with high 
concentrations. 
 
Figure 30: Charge balance plot of cations and anions 
 
3.4. Isotope data 
3.4.1. Carbonate mineral isotopes  
 The results of the δ18O (VPDB and VSMOW) and δ13C (VPDB) isotopic analyses for 
dolomite and one calcite sample can be found in Table X (Appendix A). For each sample, notes 
are included on the color of the uncrushed sample, a brief description of the location where the 
sample was collected, and whether or not talc was present or nearby where the dolomite was 
collected. Figure 31 shows the types of carbonate minerals that were analyzed. The plot also has 
a field for modern-day marine limestone (δ13CVPDB = 0 ‰ and δ18OVSMOW = +31 ‰). Overall, the 
spread in δ18O of the dolomite samples (+9 to +22‰) is much greater than that of δ13C (-4.8 to 
+0.9‰).   
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Figure 31: Plots of oxygen and carbon isotopes in carbonate minerals  
 
Figures 32 and 33 are histograms showing the frequency of values for δ18OVSMOW and 
δ13CVPDB respectively. The data are separated according to whether talc was present or absent in 
the sample (“yes” or “no”), or if talc was not in the same hand sample but was nearby in the 
mine (“close”). Including all the samples, the histograms have smooth distribution curves, but 
the distribution of the individual categories is random. 
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Figure 32: Histogram of frequency of oxygen isotope values in dolomite 
 
 
Figure 33: Histogram of frequency of carbon isotope values in dolomite 
 
3.4.2. Silicate mineral isotopes 
The data from this study are shown in Table II and Figure 34.  
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Table II: Silicate isotope data 
 
Sample 
T/Chl 
δD ‰ 
SMOW 
T/Chl 
δ18O ‰ 
SMOW 
Quartz 
δ18O ‰ 
SMOW Location Description 
Y3 -45.0 3.6 11.6 Mill rejects White quartz pod, red/brown dolomite, medium 
green talc 
Y10 -51.7 3.8 11.7 Mill rejects White quartz pod, red/brown dolomite, medium 
green talc 
Y11 -50.1 3.4 11.1 Mill rejects White quartz pod, red/brown dolomite, medium 
green talc 
Y15 -49.0 3.3 15.1 Mill rejects White quartz pod, fine-grained hematitic quartz, 
medium green talc 
Y16 - - 15.9 Parking lot White quartz, red dolomite, not talc 
Y36 -53.2 3.4 13.0 Mill rejects White quartz pod, red/brown dolomite, medium 
green talc 
YTDTH -49.1 2.1 - West side No quartz or dolomite, pink talc 
A4 -50.1 4.0 10.9 Mine dump White quartz veins, dark green chlorite 
A7 -50.7 7.7 10.7 Main pit White quartz veins, medium green chlorite (hard) 
WC_CLT -44.5 3.8 - Willow Creek Sheared, dark green chlorite 
WC_TLC -48 4.6 - Willow Creek White talc 
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Figure 34: Talc and chlorite isotope data obtained in this study  
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Figure 35 summarizes the O-isotope composition of the various minerals examined in 
this study. Of the different minerals, dolomite shows the widest variation, from +9.2 to +22.1‰. 
Samples of dolomitic marble collected outside the mine area had 18O of +16.1 to +18.5 ‰. 
Quartz pods in talc from the Yellowstone mine ranged from +11.1 to +15.9 ‰ and are 
interestingly similar to the two quartz samples from the Antler mine, +10.7 and +10.9 ‰. 
Oxygen isotopes of talc from the Yellowstone mine ranged from +2.7 to +3.8 ‰ and are very 
similar to 18O of chlorite from the Antler and Willow Creek mines. Chlorite from the two 
samples at Antler mine had 18O values of +4.0 and +7.7 ‰. Talc from the Willow Creek mine 
had 18O = +4.6‰ while coexisting chlorite had 18O = +3.8‰. Also included in Figure 35 are 
δ18O values of Montana talc from Brady et al. (1998) and Buzon (2016) for comparison. Talc 
from this study has similar δ18O values as talc from these other studies (see Discussion section). 
The values for Precambrian marine carbonates are based around the average value (~ 21 ‰) 
suggested by Hall and Veizer (1995) for marine carbonates in the Belt basin. 
 
 
Figure 35: Oxygen isotopes of minerals examined in this study 
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4. Discussion 
4.1. Temperature and pressure of talc and chlorite formation  
One of the objectives of this study is to gain a better understanding of the conditions of 
formation of the deposits of interest. Two of the main conditions are temperature and pressure. 
The following section describes the reactions that are thought to have taken place, then gives 
data to support these proposed reactions. 
4.1.1. Stability of talc and chlorite 
 Talc can form over a broad range of temperatures and pressures as shown in Figure 36 
(after Tornos and Spiro, 2000). The lower boundary of talc stability it defined by the reaction dol 
+ qtz → talc + calcite:  
 
3MgCa(CO3)2 + 4SiO2 + H2O ↔ Mg3Si4O10(OH)2 + 3CaCO3 + 3CO2  
(2) 
  
 The temperature at which this reaction occurs is strongly dependent on XCO2, the mole 
fraction of CO2 in the fluid phase. In this study, there was no evidence of any three-phase CO2-
rich fluid inclusions, nor were any CO2-clathrates noted during freezing runs. This implies that 
the mole fraction of CO2 in the fluid (XCO2) was less than about 0.01 (Crawford, 1981). At XCO2 
= 0.01, dolomite + quartz reacts to form talc at roughly 210ºC. Above about 0.3 kbar, this 
reaction is almost independent of pressure.   
 The upper stability of talc is the formation of tremolite: 
 
5Mg3Si4O10(OH)2 + 6CaCO3 + 4SiO2 (aq) = 3Ca2Mg5Si8O22(OH)2 + 2H2O + 6CO2    
(3) 
  
As shown by Figure 36, this reaction is also dependent on XCO2 and is more sensitive to total 
pressure. For XCO2 = 0.01 and P = 1 kbar, the maximum T for the assemblage talc + calcite is 
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around 450ºC. Due to the lack of tremolite in the ore body at the Yellowstone Mine, combined 
with the persistence of dolomite, the formation of talc is thought to have formed closer to the 
lower stability limits of talc formation. Although some talc pseudomorphs after tremolite have 
been reported (Berg, 1979), in this case the tremolite is thought to have formed at much higher 
temperatures prior to the talc-forming event. 
 
 
Figure 36: Phase diagram showing the stability of talc. Redrawn from Tornos and Spiro, 2000.  
Abbreviations: talc (tc), dolomite (do), quartz (q), calcite (cc) tremolite (tr) 
 
 Chlorite can form at a larger range of temperatures. It can be found in soils at the Earth’s 
surface, as well as in hydrated rocks in the upper mantle (Pawley, 2003). At the Antler Mine, 
quartzo-feldspathic gneiss is completely replaced by almost pure Mg-chlorite (clinochlore). This 
reaction must involve an influx of Mg2+ and leaching of other cations (Na+, K+, Ca2+) out of the 
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rock. As an example, the following reaction shows how the Ca-rich end-member of plagioclase 
(CaAl2Si2O8) can be converted to clinochlore (Mg5Al2Si3O10(OH)8):  
 
CaAl2Si2O8 + 5Mg
2+ + SiO2(aq) + 8H2O → Mg5Al2Si3O10(OH)8 + Ca2+ + 8H+ 
(4) 
  
This reaction produces a large amount of protons. The H+ would be consumed by other water-
rock reactions, such as the breakdown of K-feldspar (KAlSi3O8) to muscovite (KAl3Si3O10(OH)2) 
plus quartz (SiO2): 
 
3KAlSi3O8 + 2H
+ → KAl3Si3O10(OH)2 + 6SiO2 + 2K+ 
(5) 
  
At the Antler deposit, fine-grained muscovite (sericite) occurs as an alteration halo that separates 
the massive chlorite ore body from unaltered quartzo-feldspathic gneiss. Sericite was also found 
next to narrow chlorite-alteration envelopes surrounding quartz veins in outcrops south of the 
main pit.   
 At the Willow Creek deposit, chlorite (3Mg5Al2Si3O10(OH)8) and talc 
(5Mg3Si4O10(OH)2) were found together in the same hand sample. The two minerals can be 
related by the following reaction: 
 
3Mg5Al2Si3O10(OH)8 + 11SiO2(aq) + 2H2O = 6Al(OH)3(aq) + 5Mg3Si4O10(OH)2   
(6) 
  
According to the above reaction, whether talc or chlorite is deposited depends on the ratio of 
dissolved silica to dissolved aluminum. It is also possible that chlorite only forms during 
replacement of rock types that initially contained some aluminum, such as a micaceous dolomite, 
or a feldspar-rich gneiss. This is more consistent with the idea that Al3+ is harder to mobilize than 
dissolved silica in metasomatic reactions. 
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4.1.2. Na/K geothermometry 
Researchers who study active geothermal systems have developed several empirical 
geothermometers to estimate the temperature that a given water pumped to the surface 
equilibrated at in the subsurface (Truesdell 1973). One of the more common methods is the Na/K 
geothermometer. This approach works on the basis that the relative concentrations of Na+ and K+ 
in a hot fluid are fixed by ion exchange of the hydrothermal water with alkali feldspar: 
 
K+ + Na-feldspar ↔ K-feldspar + Na+ (7) 
  
Equations that have been developed to determine temperature from the Na/K ratio of a fluid 
include the following:  
𝑇 =
1052
1+𝑒
1.714 log(
𝑁𝑎
𝐾
)+.252
+ 76 (8) 
 
𝑇 =
855.6
𝑁𝑎
𝐾
+.8573
− 273.15 (9) 
 
𝑇 =
1217
𝑁𝑎
𝐾
+1.483
− 273.15 (10) 
 
Equation 8 comes from Can (2002), equations 9 and 10 are from Truesdell (1984) and are called 
the “Fournier” and “Truesdell” equations, respectively. In these equations, T = temperature in 
Centigrade, and Na/K is the ppm ratio of dissolved Na to K in the water. The three empirical 
geothermometer equations are compared in Figure 37. The temperature is plotted as 1000/T in 
Kelvin so that the lines are straight and easier to compare. In general, as temperature increases, 
reaction (7) is shifted to the left, resulting in a lower Na/K ratio in solution.   
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 It is also possible to create a “theoretical geothermometer” based on Na/K ratios using a 
thermodynamic approach. This was done as an early side project and is presented here. The 
thermodynamic equilibrium constant for reaction 7 can be written like this: 
 
K = (aK-feldspar ∙ aNa+) /( aNa-feldspar ∙ aK+) 
 
 
(11) 
 
  
Assuming the K-feldspar and Na-feldspar are pure phases, their activities are equal to 1, and the 
equilibrium constant is equal to the sodium to potassium activity ratio: 
K = aNa+ / aK+ 
 
 
(12) 
 
This reaction can be further simplified by assuming that the activity coefficients for Na+ 
and K+ are equal, in which case their activities are equal to their molal concentrations:  
 
Initial data for the equilibrium constants for Equation 14 as a function of temperature were 
collected from the SUPCRT92 thermodynamic database (Johnson et al., 1992). The value of K 
was plotted vs. temperature (Kelvin) and fit to a regression. Since K is equal to mNa+/mK+, the 
latter was substituted to give the following polynomial equation: 
 
𝑡 = −0.839 log
𝑁𝑎
𝐾
(𝑝𝑝𝑚)
2
+ 1.0693 log
𝑁𝑎
𝐾
(𝑝𝑝𝑚) + 0.9989 (14) 
Looking at Figure 37, the theoretical equation derived from thermodynamic data from 
SUPCRT92 differs from the empirical equations that are based on field data from active 
geothermal systems, but not by a lot. Possible reasons for the differences include the fact that, in 
nature, feldspars are rarely pure phases, especially plagioclase feldspar. If the albite in equation 
(7) was impure (e.g., a plagioclase with Ca substituting for Na), this would lower the activity of 
K = mNa+ /mK+ 
 
 
(13) 
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NaAlSi3O8 below 1.0, pulling the reaction to the left and lowering the value of the equilibrium 
constant, K. In fact, if one arbitrarily lowers the value of K and re-plots the data from the 
SUPCRT database, the equation is shifted to be in better agreement with the empirical 
geothermometers.   
 
Figure 37: Plot of comparing Na/K geothermometry equations 
 
 The three empirical geothermometers give temperatures that converge around 300 °C.  
Because the Can (2002) equation is the most recently published regression, and since it gives 
temperatures that are in between the equations of Truesdell and Fournier, the temperatures from 
Can (2002) will be reported and used in other calculations for the remainder of this study.  
 Table III gives the measured Na/K of fluid inclusion leachates from the Yellowstone and 
Antler mines, along with the computed temperatures from the three empirical geothermometers 
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and one theoretical geothermometer. The ranges of temperature from the three empirical Na/K 
geothermometers are shown in Figure 38. The average temperatures of the formation of talc and 
chlorite at the Yellowstone and Antler mines are 216 ±43 °C and 282 ±70 °C. These 
temperatures are consistent with temperatures determined by Gammons and Matt (2002) using a 
similar Na/K geothermometry method with a range from 190-249 °C at the Yellowstone mine 
and Cadillac deposit. No previous temperature estimates have been made for the formation of 
chlorite at the Antler Mine with which to compare to the results of this study. 
 
Table III: Leachate data used for Na/K geothermometry 
 
Sample 
K 
(mg/L) 
Na 
(mg/L) 
Na/K 
(mg/L) log Na/K 
Fournier 
°C 
Truesdell 
°C 
Can                         
°C 
SUPCRT92 
°C 
A2GH - 0.04 - - - - - - 
A3GH 1.0 5.2 5.2 0.72 280 271 271 308 
A4GH 1.6 4.4 2.8 0.44 360 387 358 415 
A7GH 1.7 15.3 9.0 0.95 226 199 214 242 
Y1GH 1.5 12.9 8.6 0.93 230 204 218 246 
Y3GH 0.4 5.9 14.8 1.17 186 149 176 195 
Y5GH 0.5 3.1 6.2 0.79 262 245 251 284 
Y6GH 0.5 2.4 4.8 0.68 289 283 281 319 
Y7GH 0.8 12.2 15.3 1.18 183 146 174 193 
Y8GH 0.5 5.1 10.2 1.01 215 185 204 229 
Y10GH 0.7 13.7 19.6 1.29 165 125 158 173 
Y11GH 1.0 7.0 7.0 0.85 250 229 238 270 
Y15GH 0.8 8.6 10.8 1.03 211 180 199 224 
Y16GH 1.9 9.1 4.8 0.68 289 283 281 319 
                  
  
50 
 
Figure 38 Box-and-whisker plot of temperature calculated using Na/K geothermometry for the Yellowstone 
talc mine and the Antler chlorite mine 
 
4.1.3. Evidence from fluid inclusions 
Fluid inclusion homogenization temperatures alone give a minimum temperature of 
formation, and ice-melting temperatures can be used to approximate the salinity of the ore 
forming fluid. By plotting the homogenization temperature on a T-P phase diagram of water with 
the appropriate concentration of NaCl, the bulk density of the fluid inclusions can be determined.  
The pressure of trapping of the fluid inclusions can then be found by following the appropriate 
isochore (constant density line) until the temperature of trapping (determined independently) is 
reached.  In this study, the most consistent temperature is believed to be that determined by Na/K 
geothermometry (Can, 2002) from quartz leachates (preceding section). Figure 39 shows the 
stability of a 15 wt% NaCl solution in the temperature and pressure realm (Roedder and Bodnar, 
1977). The solid diagonal lines are isochores for fluids that homogenize by vapor bubble 
disappearance as indicated by the temperature where the isochores intersect the liquid-vapor 
curve (L-V). The vertical dashed lines represent the range in trapping temperature estimated 
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from fluid inclusion leachates (taken as the average ± one standard deviation) for quartz from 
talc at Yellowstone (orange region) and from the Antler chlorite mine (green region). The 
horizontal dashed lines are drawn for ease of reading the pressure indicated on the y-axis.  
The pressures estimated from Figure 39 are 1.7 to 3.7 kbar for the Yellowstone Mine and 
1.2 to 4.2 kbar for the Antler Mine. These pressures can be used to calculate a depth by using the 
general geobaric gradient of 3.5 km/kbar. The calculated depths for the Yellowstone Mine are 
5.8 to 13.0 km (average is 9.4 km) and for the Antler Mine the depths range from 4.2 to 14.7 km 
(average 9.5 km). While the range of depths is much wider for Antler, the average depth for both 
mines is nearly the same. This supports the idea that the two deposits formed during the same 
event with different host rocks.  
 
Figure 39: Phase diagram for water with 15 wt% NaCl. The Yellowstone Mine and Antler Mine are 
represented by the orange and green region respectively.  Modified after Roedder and Bodnar, 1977 
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Lovering (1969) compiled experimental and field data from the literature to place 
constraints on the relative stability of magnesite, dolomite and calcite as a function of 
temperature and the Ca/Mg ratio dissolved in water. As shown in Figure 40, the stability 
boundaries shift to higher values of Ca/Mg in solution with an increase in temperature. Thus, a 
fluid with a Ca/Mg mole ratio of 1 would be in the calcite field at 20ºC, in the dolomite field at 
150ºC, and in the magnesite field at 300ºC. The vertical shaded box in Figure 40 shows the range 
in Ca/Mg mole ratio measured in this study for the quartz leachates associated with talc, which is 
5.9 ± 3.7 (average value ± 1 standard deviation). The horizontal shaded box shows the range in 
temperatures, 216 ± 43°C (average value ± 1 standard deviation) obtained from the Na/K 
geothermometer calculations. Note that the intersection of the two shaded boxes plots mostly 
within the stability field of dolomite. This is consistent with the fact that the assemblage 
dolomite + talc is much more common than calcite + talc or magnesite + talc at the Yellowstone 
Mine. In contrast, magnesite is known to coexist with talc in the deposits of the Ruby Range 
(e.g., Childs, 2016).   
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Figure 40: The stability of magnesite, dolomite and calcite as a function of 
 temperature and the Ca/Mg ratio in solution (modified from Lovering, 1969) 
 
4.1.4. Stable isotope fractionation factors 
 The isotope fractionation between two minerals, or between one mineral and water, is 
temperature dependent and changes as a function of temperature. Often, the heavier isotope will 
occupy the sites with the strongest bonds. In the stable isotope literature, fractionation factors () 
that describe exchange of stable isotopes between minerals and water as a function of 
temperature are fit to the following equation: 
𝟏𝟎𝟎𝟎𝐥𝐧𝛂 = (
𝐁 ∗ 𝟏𝟎𝟏𝟐
𝐓𝟒
) + (
𝐂 ∗ 𝟏𝟎𝟗
𝐓𝟑
) + (
𝐃 ∗ 𝟏𝟎𝟔
𝐓𝟐
) + (
𝐄 ∗ 𝟏𝟎𝟑
𝐓
) + 𝐅 
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where T is temperature in Kelvin, and the variables B, C, D, E, and F are experimentally or 
theoretically determined for each system. The fractionation equations compiled in this study 
from various literature sources have as many as five variables and as few as two variables. These 
variables along with their source are listed in Table IV, below: 
 
Table IV: Isotope fractionation equations 
 
Source Reaction Method B C D E F 
Cole and Ripley 1998 Chl-H2O (δ18O) EX  2.693 -6.342 2.969  
Graham et al. 1984b Chl-H2O (δD) EX   -3.700  -24.000 
Matsuhisa et al. 1979 Qtz-H2O (δ18O) EX   3.340  -3.310 
Saccocia et al. 2009 Tlc-H2O (δD) EX   10.880 -41.520 5.610 
Sacoccia et al. 2009 Tlc-H2O (δ18O) EX   11.700 -25.490 12.480 
Savin and Lee 1988 Tlc-H2O (δ18O) TH 0.084 -0.934 5.860 -3.940 -4.270 
Sharp et al. 2016 Qtz-H2O (δ18O) TH   4.280 -3.500  
Shiro and Sakai 1972 Qtz-H2O (δ18O) TH   3.550  -2.570 
Wenner and Taylor 1971 Chl-H2O (δ18O)  TH   1.560  -4.700 
Zheng 1993a  Qtz-H2O (δ18O) TH   4.480 -4.770 1.710 
Zheng 1993b clinochlore-H2O (δ18O) TH   3.970 -8.190 2.360 
Zheng 1993b Qtz-clinochlore(δ18O) TH   0.510 3.430 -1.430 
Zheng 1993b Tlc-H2O (δ18O) TH   4.200 -7.040 2.140 
Zheng 1993b Qtz-Tlc (δ18O) TH   0.280 2.270 -0.940 
EX=Experimental, TH=Theoretical  
 
Three oxygen fractionation equations that were compared for talc- H2O in this study. 
Two of them are theoretical (Savin and Lee, 1988 and Zheng, 1993a) and one is experimentally 
based (Saccocia et al., 2009). The two theoretical fractionation equations (Figure 41) agree with 
each other and the equation from experimental data (Saccocia et al., 2009) agree at higher 
temperature, above 300ºC, but diverge at lower temperatures. The dashed lines in the following 
six figures indicate values outside the temperature range of the associated studies. 
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Figure 41: Talc-H2O δ18O fractionation factors 
 
 Fractionation equations (Figure 42) for chlorite-H2O (Cole and Ripley, 1998; Zheng, 
1993b; Wenner and Taylor, 1971) agree at temperature above 200°C but diverge from each other 
at lower temperatures. Also, note that the value of 1000 lnα shows little change at temperatures 
above 200 °C. 
 
Figure 42: Chlorite-H2O δ18O fractionation factors 
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The four quartz-H2O fractionation equations (Figure 43) examined in this study agree 
with each other and are all within a fraction of a per mil except for Shiro and Sakai (1972) which 
is about 2 ‰ higher at the range of temperature of interest for this study. Three of the four (Sharp 
et al., 2016; Zheng, 1993a; Shiro and Sakai, 1972) are derived theoretically and the other 
(Matsuhisa et al., 1979) was derived from experimental data.  
 
Figure 43: Quartz-H2O δ18O fractionation factors 
 
Fractionation factors for quartz-talc (Figure 44) and quartz-clinochlore (Figure 45) were 
compiled based on the data in Zheng 1993b. To be able to use the other fractionation factors 
mentioned above, the talc-H2O and chlorite-H2O equations were combined with the quartz-H2O 
equation (Zheng 1993a).  
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Figure 44: Quartz-talc δ18O fractionation factors 
 
 
Figure 45: Quartz-chlorite δ18O fractionation factors 
 
Isotopic fractionation factors (Figure 46) for δD have not been researched as much, and 
only one equation could be found for talc and one for chlorite. The chlorite-H2O equation 
(Graham et al., 1984b) is only valid above 500 °C but is included for consistency. 
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Figure 46: Talc-H2O and chlorite-H2O δD fractionation factors 
 
4.1.5. Stable-isotope geothermometry 
Stable isotope ratios from different minerals found in the same hand sample were 
compared in an attempt to estimate the temperature at which they formed. This approach 
assumes that: 1) the two minerals formed at the same time; 2) the two minerals formed at 
isotopic equilibrium; and 3) there was no re-equilibration of the isotopes in one or both minerals 
in the time elapsed between when they were formed and when they were sampled, and 4) the 
equilibrium fractionation factors for isotopic exchange between the two minerals are accurately 
known as a function of temperature.  
By using the temperature dependence of the equilibrium O-isotope fractionation between 
mineral pairs (discussed in the preceding section), formation temperatures were calculated and 
are tabulated in Table V for quartz-talc and in Table VI for quartz-chlorite.   
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Table V: Equilibrium quartz-talc δ18O fractionation geothermometry 
 
 
Table VI: Equilibrium quartz-chlorite δ18O fractionation geothermometry 
 
 
The calculated temperatures based on quartz-talc and quartz-chlorite pairs are 
inconclusive due to their inconsistent values compared with other geothermometers used in this 
study. This suggests that one or more of the following may be the case: 1) the published 
fractionation factors are not correct; 2) the coexisting minerals formed at separate times; or 3) the 
minerals formed at the same time but were not in isotopic equilibrium; or 4) the minerals formed 
at the same time in isotopic equilibrium, but one or both of the minerals exchanged O-isotopes 
with a fluid sometime after talc/chlorite formation. The last explanation is considered unlikely in 
the case of the quartz pods completely surrounded by talc, given the very low permeability of the 
massive talc ore at the Yellowstone Mine.   
Sample 
Talc 
δ18O ‰ 
SMOW 
Quartz 
δ18O ‰ 
SMOW 
Δ18O ‰ 
Quartz-
Talc  
Quartz-Talc 
(Zheng 
1993b) 
Quartz-Talc (Zheng 
1993a-Saccocia et al. 
2009) 
Quartz-Talc (Zheng 
1993a-Savin and Lee 
1988) 
Y3 3.6 11.6 8.0 71ºC - 87ºC 
Y10 3.8 11.7 7.9 75ºC - 90ºC 
Y11 3.4 11.1 7.7 82ºC - 95ºC 
Y15 3.3 15.1 11.7 -10ºC - 30ºC 
Y36 3.4 13.0 9.6 29ºC - 57ºC 
Temperature in °C. Blank cell indicates temperature is outside equation temperature range 
 
Sample 
Chlorite 
δ18O ‰ 
SMOW 
Quartz 
δ18O ‰ 
SMOW 
Δ18O ‰ 
Quartz-
Chlorite  
Quartz-Chlorite 
(Zheng 1993b) 
Quartz-Chlorite 
(Zheng 1993a-Cole 
and Ripley 1998) 
Quartz-Chlorite (Zheng 
1993a-Wenner and 
Taylor 1971) 
A4 4.0 10.9 6.9 252ºC 100 or 295 ºC 302 ºC 
A7 7.7 10.7 3.0 625ºC 59 or 597 ºC - 
Temperature in °C. Blank cell indicates temperature is outside equation temperature range 
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It is also possible to estimate the temperature of mineral deposition based on the 
published fractionation between each separate mineral and water. To do this, it is necessary to 
assume an isotopic composition for the seawater. For example, Brady et al. (1998) used this 
approach to estimate temperatures of talc formation in the Ruby Range, assuming that the ore-
forming fluid had an isotopic composition identical to modern sea water (18O = 0‰, D = 0‰, 
VSMOW). Using the same assumption, Table VII gives the calculated temperatures of formation 
for talc, chlorite, quartz, and dolomite based on their O- and H-isotopic compositions. The 
resultant formation temperatures for dolomite-H2O are clearly too low and may represent 
disequilibrium or perhaps mineral re-equilibration with water at a lower temperature. The last 
idea is possible given the relatively high solubility of dolomite compared to the silicate minerals.  
The talc-H2O equations (using 18O) give temperatures in the range of 240 to 340ºC (this range 
includes the spread in different talc specimens as well as the differences in published 
fractionation factors). Temperatures based on quartz-H2O cluster around 150-210ºC, suggesting 
that much of the quartz in association with talc may have formed at a lower temperature than the 
talc itself.  The chlorite-H2O temperatures range from 81 to 192ºC for 18O, and 99 to 151ºC for 
D. These temperature values also seem too low.   
The discussion in the preceding paragraph assumes that the mineral-forming fluids had 
18O = 0‰ and D = 0‰. There are at least four reasons why this may not have been the case: 
1) the ore-forming fluids might not have been seawater, or might have been a mixture of 
seawater and another water type (e.g., meteoric water); 2) the isotopic composition of 
Precambrian seawater may have been different than modern seawater, especially with respect to 
18O; 3) the seawater may have been evaporated, which would shift the values of 18O and D; 
and 4) during high-temperature water-rock interaction, it is possible that the ore-forming fluid 
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exchanged isotopes with the surrounding rock, thereby changing its composition.  Regarding the 
2nd point, Burdett et al. (2002) suggest that the δ18O value for seawater was shifted as much as 
9.7 ± 1 ‰ to lighter values compared to VSMOW during the early Proterozoic (1.9 Ga). By 
comparison, the δD values of Precambrian ocean waters are thought to have remained similar to 
present day values (Lécuyer et al., 1998).    
 
Table VII: Mineral-H2O isotope geothermometry 
 
Sample 
T/Chl 
δ18O ‰ 
SMOW 
talc-water 
(Zheng 
1993b) 
talc-water 
(Savin and 
Lee 1988) 
talc-water 
(Saccocia et 
al. 2009)) 
chlorite-
water (Zheng 
1993b) 
chlorite-water 
(Wenner and 
Taylor 1971) 
chlorite-water 
(Cole and 
Ripley 1998) 
Y3 3.6 264 267 300 -     
Y10 3.8 256 260 295 - - - 
Y11 3.4 269 271 304 - - - 
Y15 3.3 272 273 306 - - - 
Y16 - - - - - - - 
Y36 3.4 270 272 305 - - - 
YTDTH 2.1 326 315 338 - - - 
A4 4.0 - - - 171 150 189 
A7 7.7 - - - 114 81 144 
WC_CLT 3.8 - - - 176 155 192 
WC_TLC 4.6 233 239 280 - - - 
Temperature in °C 
Table VII: continued. 
Sample 
dolomite 
δ18O ‰ 
SMOW 
dolomite-
water δ18O 
(Zheng 1999) 
quartz 
δ18O ‰ 
SMOW 
quartz-
water 
(Zheng 
1993a) 
talc/chlorite 
δD ‰ 
SMOW 
talc-water δD 
(Saccocia et 
al. 2009) 
chlorite-water 
δD (Graham et 
al. 1984b) 
Y3 18.7 97 11.6 200 -45 - - 
Y10 21.8 75 11.7 199 -52 - - 
Y11 22.1 73 11.1 208 -50 - - 
Y15 - - 15.1 154 -49 - - 
Y16 15.3 128 15.9 144 - - - 
Y36 22.0 73 13.0 179 -53 - - 
YTDTH - - - - -49 - - 
A4 - - 10.9 211 -50 - 103 
A7 - - 10.7 215 -51 - 99 
WC_CLT - - - - -44 - 151 
WC_TLC - - - - -48 - - 
Temperature in °C 
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Regarding the third point above, when hot water of a given isotopic composition interacts 
with rock, the δ18O values of water can be changed due to the abundance of oxygen in most 
rocks. Since there is much less hydrogen in most rocks (especially compared to water), the 
hydrothermal fluid would maintain a δD value similar to its initial value. Given all the 
accumulated uncertainties, it is hard to say anything definite about the temperature of formation 
of the talc and chlorite of southwest Montana based on the stable isotope data.        
 
4.1.5. Isotopic composition of talc-forming fluids 
 By using the fractionation factors of talc-water published by Zheng (1993b) at different 
temperatures, we can estimate the isotopic composition of the talc-forming fluid. Data from this 
study were combined with data from Brady et al. (1998), Buzon (2016) and Underwood 
(unpublished) for comparison. The colored circles and associated arrows in Figure 47 show the 
isotopic composition a fluid would have had in equilibrium with the talc found in southwest 
Montana at 200, 250, and 300ºC. In Figure 47, the spread in oxygen isotopes is not far from 0‰ 
while the δD values are approximately 10 to 25‰ lighter than an initial composition of 0‰. 
Since the calculated isotopic composition of the ore forming fluid is near 0‰ in oxygen and 
depleted in δD values, it is safe to say that the fluid did not come directly from seawater due to 
the systematically depleted δD values. Even if seawater had undergone isotopic exchange with 
rock at high temperature it would not have become strongly depleted in δD, given that the 
isotopic exchange of water with rock typically results in a shift in δ18O of the water, not δD.    
 The values of δD estimated above (-10 to -25 ‰ SMOW) are consistent with modern-day 
coastal rainfall that falls at low latitudes. The oxygen isotope composition of this water would 
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have been in the range of -2.5 to -4.5 ‰. A shift in oxygen isotopes to heavier values could have 
happened through high temperature isotopic exchange with rock to give it the proposed 
concentration shown in Figure 47. The global meteoric water line (GMWL) in Figure 47 
represents the present-day isotopic composition for meteoric water. Without more information on 
meteoric water in the mid-Proterozoic, it is assumed that that mid-Proterozoic meteoric water 
was similar to that of present-day. 
  
  
4.2. Timing and sources of fluids for talc formation 
The ore forming fluid was saline, 15-20 wt% NaCl, and the source of the salinity is 
thought to come from evaporated seawater. One of the other ways water can become saline is by 
the dissolution of evaporites during its migration to the deposit. Figure 48 shows Na/Br and 
Cl/Br molar ratios of fluid inclusion leachates (Table I) from both Yellowstone and Antler Mines 
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Figure 47: δD vs. δ18O with initial fluid isotopic composition at different temperatures 
estimated from Zheng 1993b and Saccocia et al. 2009 
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in red circles and green triangle respectively. Most of the data plot directly on the seawater 
evaporation trend (SET) as published by Banks et al (2002) and past the end of halite 
precipitation. If the salinity were due to the dissolution of evaporites the data would have much 
higher Cl/Br ratios and a low Na/Br ratio (gold arrow in Figure 48). Also, data from quartz 
leachates from both the Yellowstone talc mine and the Antler chlorite mine plot in the same area, 
indicating quartz from the two deposits probably formed from the same fluid or, at least, a fluid 
that underwent similar processes. The blue box representing seawater is that of modern-day 
seawater. 
 
Figure 48: Molar anion ratios with seawater evaporation trend. After Banks et al. (2002) 
 
The data point that seems to be an outlier in Figure 48 (Y16) was collected from the 
parking lot of the Yellowstone Mine office and is thought to have come from west of the main 
fault in the hanging wall although its original location in unknown. The sample has dolomite and 
quartz but no talc, indicating the fluid that formed those minerals had a different composition 
that those that formed the main ore body at Yellowstone. 
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Another way that the fluid inclusion leachate data can be interpreted is to plot log Cl vs. 
log Br (Figure 49). To do this, one needs to know the actual Cl concentration of the leachate 
solutions. This was estimated from the average salinity of the fluid inclusions from the 
Yellowstone Mine and the Antler Mine, as determined by fluid inclusion freezing studies. The Br 
concentration was then calculated based on the measured Cl/Br ratio of fluid inclusion leachate 
samples. In Figure 49 seawater starts off at the blue square and then shifts to higher 
concentrations of both Cl and Br due to evaporation. When halite saturation is reached, Cl 
concentration is fixed, and the trajectory shifts to a horizontal line. The data from the fluid 
inclusions from Yellowstone and Antler do not plot directly on the seawater evaporation line but 
fall below it. The simplest way to explain this is to evaporate seawater well past halite saturation 
and then mix that water with a very dilute water, which would bring the trend in Figure 49 back 
towards the origin. The most likely source of dilute water is meteoric water. The overall path that 
is proposed for the fluid inclusions is outlined by the pink arrow in Figure 49.    
 
 
Figure 49: Log concentration of bromide and chloride. After Banks et al. (2002) 
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As seawater evaporates, the O and H isotopes shift in a predictable way. Figure 50 shows 
these changes for evaporation of seawater as a dashed black line (data from Hosler, 1979).  Once 
past halite saturation, this curve actually passes through the region corresponding to the 
estimated isotopic composition of the talc- and chlorite-forming fluids as shown by the colored 
circles (the same as plotted in Figure 47).    
 
Figure 50 δD vs. δ18O with initial fluid isotopic composition at different temperatures estimated from Zheng 
1993b and Saccocia et al. 2009 
 
The previous figures (48 and 49) show that a major component of the talc and chlorite 
forming fluid was evaporated seawater and would thus follow the seawater evaporation trend in 
Figure 50. Because all the shapes in Figure 50 represent fluids, a mixing line could be drawn 
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between the evaporated seawater and meteoric water that would pass through the regions 
representing the isotopic composition of the ore forming fluid. This gives further evidence that 
the source of the talc- and chlorite-forming fluids were a mixture of evaporated seawater from 
the Belt Basin and meteoric water.  
Figure 51 summarizes a model for the formation of talc and chlorite deposits of SW 
Montana. It is like the model proposed by Gammons and Matt (2002) in that the talc-forming 
fluids involve brines expelled out of a Belt-aged sedimentary basin. Migration of the brines out 
of the basin could have been initiated by a combination of sediment compaction and high heat 
flow caused by the intrusion of mafic dikes and sills. The main differences in the new model are 
1) the brines mixed with deeply circulating meteoric water along their flow path and 2) regional 
flow of the brines was not just directed downward out of the basin, but also laterally and could 
have migrated tens of kilometers. This is more consistent with the fact that there is no direct 
evidence that Belt-aged sediments ever existed above the major talc deposits in the Ruby, 
Greenhorn, and Gravelly Ranges. Once out of the basin, the brines would have encountered pre-
Belt rock types previously metamorphosed to upper amphibolite facies. Fluid flow could have 
focused along growth faults and/or along lithologic contacts such as boundaries between marble 
and gneiss. Chlorite formed where the fluids contacted gneiss, and talc where the fluids 
contacted dolomitic marble.   
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Figure 51: Schematic diagram showing the proposed model for the formation of Montana talc and chlorite 
deposits. Evaporated seawater migrates from Belt Basin via faults and lithologic contacts and mixes with 
meteoric water to form talc 
  
 
The model above is similar to models proposed by Boulvais et al. (2006), Tornos and 
Spiro (2000) and Moine et al. (1989) for the formation of the significant talc and chlorite 
deposits of Trimouns, France, and Pueblo do Lillo, Spain. Although these deposits are much 
younger with a different brine source, the processes are similar enough that the model is still 
viable. 
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5. Conclusions and Recommendations 
5.1. Conclusions 
The ancient metasomatic process that created Montana talc and chlorite deposits are 
intriguing. Although difficult to know what conditions were like 1.4 Ga, by assuming 
atmospheric and marine conditions were like those we see today, an idea of the ore forming fluid 
characteristics, their source and the relationship between the different deposits is achievable.  
This study adds to the knowledge of the characteristics of the fluids that formed such 
large and important mineral resources. Fluid inclusion microthermometry and ion concentrations 
yield temperatures between 173 and 259 °C.  
The halogen ratios from fluid inclusions point to evaporated seawater as the source of the 
ore forming fluid. They also suggest that the evaporated sea water, most likely from the 
Paleoproterozoic Belt Sea, was mixed with a lower salinity water, possibly meteoric water. 
Isotope values support this finding.  
Temperatures obtained through Na/K thermometry between the two mines comparable 
with temperatures calculated for Antler being approximately 60 °C warmer that those calculated 
for Yellowstone. The estimated depths of formation are close as well, being 9.8 km for Antler 
and 9.5 km for Yellowstone. These values are comparable to each other and give evidence that 
both deposits formed during the same or similar hydrothermal event. The isotope values for δD 
and δ18O values for chlorite and talc and δ18O values for quartz are close for both mines and their 
differences can be explained by isotope fractionation upon mineral formation and the deposits’ 
proximity to the source of the fluid. Halogen ratios from fluid inclusions also give evidence that 
the two mines shared the same fluid source.  
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5.2. Recommendations 
 This study brought up as many questions as it answered, and more studies need to be 
done to further the understanding of these deposits.  
• More closely spaced sampling of dolomite as one approaches the talc ore bodies to see if 
one can use δ18O-dolomite as a vector to talc.  In the future, this sampling could be done 
with drill core (access to drill core was not allowed in this study).  
• Another beneficial study would be to obtain Ar-Ar dates on the hydrothermal muscovite 
bordering the chlorite ore body at Antler Mine.  It might also be possible to examine δ18O 
of coexisting quartz + muscovite as a geothermometer (although this study had mostly 
discouraging results in terms of isotope geothermometry). 
• Examine fluid inclusions and stable isotopes from other known talc and chlorite deposits 
in Montana to build a bigger database. For example, the Grandview, Beaverhead, Willow 
Creek mines, etc.  
• Experimental determination of fractionation factors for δ18O and δD in talc should be 
done so that more accurate temperatures can be calculated.  
• Sr isotopes would also be useful in understanding seawater evolution and to obtain a 
rough estimate of the age of these deposits. 
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6. Appendix A: Fluid inclusion and isotope data 
Table VIII: Fluid inclusion data 
 
Sample 
Homogenization 
temperature °C 
Melting 
Temperature °C 
Size µm 
(µm) 
wt%  
NaCl eq. 
NaCl 
(mol/kg) 
Y10-1 99.8 -14.0 20 17.9 3.7 
Y10-2 102.2 -17.2 10 20.6 4.4 
Y10-5 125.0 -6.6 15 10.0 1.9 
Y10-6 113.9 -6.2 22 9.5 1.8 
Y10-7 113.0 -8.7 8 12.5 2.4 
Y10-11 108.0 -6.6 28 10.0 1.9 
Y11-1 - -17.2 22 20.6 4.4 
Y11-2 - -23.5 20 25.0 5.7 
Y11-3 90.4 -22.3 8 24.2 5.5 
Y11-4 - -27.6 20 27.7 6.4 
Y11-5 90.5 -12.9 8 16.9 3.5 
Y11-6 114.4 -14.7 10 18.5 3.9 
Y11-7 136.0 -14.6 12 18.4 3.9 
Y11-8 96.5 -13.5 15 17.5 3.6 
Y12-1 117.5 -10.5 10 14.5 2.9 
Y12-2 125.0 - 10 - - 
Y12-3 113.6 - 5 - - 
Y12-4 116.0 - 15 - - 
Y12-5 - -11.3 45 15.3 3.1 
Y12-6 124.0 - 8 - - 
Y12-7 101.4 - 18 - - 
Y12-8 102.1 - 20 - - 
Y12-9 110.6 - 25 - - 
Y12-10 99.8 -10.8 25 14.8 3.0 
Y12-11 102.1 - 25 - - 
Y12-12 115.6 - 8 - - 
Y12-13 - -11.2 10 15.2 3.1 
Y12-14 105.0 - 10 - - 
Y12-15 - -10.7 25 14.7 3.0 
Y12-16 101.4 -18.7 10 21.7 4.8 
Y12-17 - -18.3 15 21.4 4.7 
Y12-18 - -18.4 25 21.5 4.7 
Y12-19 103.2 -11.0 15 15.0 3.0 
Y12-20 - -14.0 10 17.9 3.7 
Y12-21 110.6 - 10 - - 
Y12-22 - -14.0 10 17.9 3.7 
Y12-23 112.4 - 15 - - 
Y16-1 116.5 -5.6 25 8.7 1.6 
Y16-2 121.6 -5.0 18 7.9 1.5 
Y16-3 121.3 -4.5 20 7.2 1.3 
Y16-4 112.7 -5.2 35 8.1 1.5 
Y16-5 133.0 -6.2 30 9.5 1.8 
Y16-6 115.0 -5.2 35 8.1 1.5 
Y16-7 124.8 -5.1 25 8.0 1.5 
Y16-8 124.5 -5.2 15 8.1 1.5 
Y16-9 126.3 -3.1 12 5.1 0.9 
Y16-10 121.0 -5.0 40 7.9 1.5 
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Table VIII: continued 
 
Y16-11 119.9 -5.2 50 8.1 1.5 
Y27-1 76.0 -2.8 20 4.6 0.8 
Y27-2 81.3 - 10 - - 
Y27-3 90.4 - 8 - - 
Y27-4 - 0.0 45 - - 
Y27-6 92.3 - 8 - - 
Y27-7 104.9 - 10 - - 
A6-1 177.6 -9.4 10 13.3 2.6 
A6-2 141.5 -6.1 15 9.3 1.8 
A6-3 - -8.5 25 12.3 2.4 
A6-4 - -7.8 10 11.5 2.2 
A6-5 165.0 -8.3 15 12.1 2.3 
A6-6 - -8.4 10 12.2 2.4 
A6-7 139.3 -6.0 15 9.2 1.7 
A6-8 147.0 - 35 - - 
A6-9 149.4 -8.3 20 12.1 2.3 
A6-10 140.9 -6.2 30 9.5 1.8 
Y= Yellowstone mine, A= Antler mine 
 
 
Table IX: Quartz leachate data 
 
  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Sample B Ba Ca Cu Fe K Li Mg Mn Na 
A2GH - - 0.194 - - - - - - 0.0354 
A3GH 0.0372 0.165 6.50 - - 1.03 - 3.10 0.0170 5.17 
A4GH 0.0255 - 4.61 - - 1.58 - 2.19 - 4.44 
A7GH 0.111 0.0335 15.9 0.0194 - 1.73 0.0334 0.826 0.0678 15.3 
Y1GH 0.0324 0.158 11.8 - - 1.49 - 5.30 0.140 12.9 
Y3GH 0.0150 - 7.07 - - 0.368 - 0.595 0.0765 5.94 
Y5GH 0.0231 - 3.81 - - 0.504 - 0.547 0.0790 3.13 
Y6GH 0.0139 - 2.44 - 0.0246 0.452 - 0.134 0.0934 2.36 
Y7GH 0.0199 0.224 15.1 - - 0.804 0.0205 1.53 0.132 12.2 
Y8GH - - 5.94 - - 0.496 - 1.30 0.0284 5.14 
Y10GH 0.0238 - 8.22 0.0163 - 0.686 0.0208 0.549 0.137 13.7 
Y11GH 0.0209 0.0286 8.32 - - 1.02 - 3.05 0.0389 7.03 
Y15GH 0.0229 - 10.5 - - 0.816 - 0.832 0.0910 8.64 
Y16GH 0.0318 - 6.34 - - 1.87 - 1.68 0.0136 9.10 
A2GH is a blank sample                 
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Table IX: continued 
  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Sample Si Sr Zn Fluoride Chloride Bromide Nitrate Phosphate Sulfate (SO4) 
A2GH 0.112 - - 0.04 0.32 - 0.04 - 1.26 
A3GH 10.8 0.196 - 0.16 19.10 0.18 0.31 - 2.92 
A4GH 5.93 0.0681 - 0.13 16.70 0.18 0.15 - 1.78 
A7GH 12.0 0.190 - 0.07 50.10 0.68 0.12 - 1.84 
Y1GH 7.20 0.172 - 0.04 57.00 0.74 0.06 - 2.24 
Y3GH 9.52 0.0640 - - 21.20 0.27 0.06 - 1.45 
Y5GH 5.40 0.0185 0.0189 0.04 10.70 0.13 0.13 - 1.32 
Y6GH 5.67 0.0144 0.0207 - 5.18 0.12 0.16 - 1.36 
Y7GH 9.65 0.196 0.0148 0.07 49.30 0.65 0.11 - 1.95 
Y8GH 12.2 0.0555 - 0.06 17.30 0.23 0.05 - 1.46 
Y10GH 5.06 0.122 0.0803 - 39.20 0.47 0.07 - 1.55 
Y11GH 11.3 0.0922 - 0.09 30.00 0.39 0.71 0.02 2.34 
Y15GH 6.97 0.0979 0.0219 0.05 31.60 0.40 0.62 - 1.61 
Y16GH 11.6 0.0388 - 0.09 22.50 0.15 0.18 0.05 1.89 
A2GH is a blank sample         
 
 
Table X: Carbonate isotope data 
 
Sample δ13CVPDB δ18OVPDB δ18OVSMOW location Dolomite color 
Talc 
present 
Y10 -2.5 -8.7 21.9 Mill rejects red-brown yes 
Y10a -2.5 -9.0 21.6 Mill rejects red-brown yes 
Y11 -2.2 -8.6 22.1 Mill rejects red-brown yes 
Y13 -0.8 -19.1 11.2 Mill rejects coarse, grey/white yes 
Y13a -0.6 -18.9 11.5 Mill rejects coarse, grey/white yes 
Y14R -1.2 -16.1 14.3 West side red coarse no 
Y14Ra -1.3 -15.9 14.5 West side red coarse no 
Y14W -1.4 -17.1 13.3 West side white coarse no 
Y14Wa -0.9 -16.0 14.4 West side white coarse no 
Y16 -0.9 -15.1 15.4 Parking lot red coarse no 
Y16a -0.7 -15.1 15.3 Parking lot red coarse no 
Y17 -1.5 -15.5 15.0 Mill rejects white coarse yes 
Y18 -0.6 -18.8 11.5 East side  gray marble close by 
Y18G -0.6 -17.7 12.7 East side  gray marble close by 
Y18W -0.7 -17.4 13.0 East side  white close by 
Y27R 0.4 -11.2 19.3 West side red fine-grained no 
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Table X: continued 
 
Y27W -0.9 -14.5 16.0 West side white/colorless  no 
Y28 0.0 -12.1 18.5 West side red yes 
Y28a 0.0 -12.2 18.3 West side red yes 
Y29 -0.7 -17.7 12.7 East side white coarse yes 
Y29R -0.7 -18.4 11.9 East side white coarse yes 
Y3 -1.6 -11.9 18.7 Mill rejects red-brown yes 
Y30 -0.2 -13.7 16.8 West side red-brown yes 
Y30a -0.1 -13.7 16.8 West side red-brown yes 
Y32 -0.1 -13.9 16.6 West side red-brown yes 
Y32a 0.1 -14.3 16.2 West side white yes 
Y33G -0.7 -16.9 13.5 East side grey marble yes 
Y33W -0.6 -21.1 9.2 East side white coarse yes 
Y34G -0.7 -16.6 13.8 East side gray marble yes 
Y34Ga -0.4 -17.0 13.3 East side gray marble yes 
Y34W -0.8 -11.6 18.9 East side white yes 
Y34Wa -0.8 -19.9 10.4 East side white yes 
Y35R 0.9 -9.5 21.1 West side red no 
Y35W -0.6 -8.8 21.8 West side white no  
Y36 -2.3 -8.6 22.0 Mill rejects red-brown yes 
Y36a -2.3 -8.7 21.9 Mill rejects red-brown yes 
YC1 -7.3 -14.7 15.8 East side green/ late stage n/a 
YI -0.2 -13.8 16.7 West side brown yes 
YI2 -0.1 -13.4 17.1 West side brown yes 
Y37 -4.8 -12.6 17.9 Johnny Gulch brown/gray no 
Y38 -4.4 -14.2 16.3 Johnny Gulch brown/gray no 
Y39 -0.5 -12.0 18.5 Johnny Gulch red and white no 
Y40 -3.5 -14.4 16.1 Johnny Gulch red and white no 
Y41 -3.9 -14.2 16.2 Johnny Gulch brown/gray no 
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Appendix B: Sample photographs and descriptions 
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YC1. Late stage, orange calcite from fractures on the East side of pit.  
 
Used for carbonate isotopes. 
 
 
 
 
 
 
 
 
 
 
 
 
5 cm 
Y1. Red/brown fine-grained 
dolomite with colorless to white 
quartz. Medium green talc. Quartz 
is subhedral. 
 
Sample used for leachate 
YC1 
Y1 
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Y3. Came from mill reject buckets. Similar to Y10. Only a small sample was obtained and 
was mostly destroyed for the original bulk leachate test. No photo. 
Sample used for talc and quartz isotopes and leachate 
Y5. Collected near Forest Service 
road 324. Intergrown equigranular 
fine grained quartz and yellow 
brown marble. The dolomite in 
contact with quartz is slightly more 
yellow than dolomite.   
Used for leachate and fluid 
inclusion 
Y5 
10 cm 
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Y6. Fine-grained 
equagranular “quartzite” 
from ridge south of Johnny 
Gulch.  
Used for leachate 
5 cm 
Y7. From the mill reject 
buckets. Medium to dark 
green talc with podular 
quartz and red/brown fine-
grained dolomite. Some of 
the quartz crystals show 
good striation on crystal 
faces. The quartz-talc 
contacts are very bumpy with 
the talc bumps pushing into 
the quarts. 
Used for leachate 
5 cm 
Y6 
Y7 
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Y8. From the mill reject buckets. The talc is blockier and tan. Some of the quartz crystals 
have striations. There are two types of dolomite: fine grained brown and a very porous red 
dolomite surrounding the non-porous dolomite. There is some orange hematite staining on the 
quartz.  
Sample used for leachate. 
5 cm 
Y10. This sample came from 
the mill reject buckets. The 
minerology is simple, quartz, 
dolomite and talc. The quartz is 
podular and contains large (5 
cm) euhedral to subhedral 
crystals which is then 
overgrown by massive quartz. 
The red dolomite is medium 
grained with inclusions of 
quartz that are visible in hand 
sample. The talc is medium to 
dark green with pods of white 
to green talc in voids and 
fracture. Both the 
quartz/dolomite and the 
dolomite/talc contacts are 
jagged. It is unclear if the 
 
5 cm 
roughness of the contacts is due to dissolution and replacement or coeval precipitation of the 
three minerals. It was chosen because it contains the three minerals of interest and shows their 
interaction.  
Carbonate and silicate isotopes were obtained for the minerals, as well as fluid inclusions and 
leachate studies on the quartz. 
 
Y8 
Y10 
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Y12. White milky quartz. Used for fluid inclusions. No photo. 
 
 
 
 
 
 
 
 
5 cm 
Y11. The dolomite has angular void space like textures formed through hydrothermal 
processes. This sample also has a very large (10 cm) quartz crystal. The quartz and talc have 
rounded contact with the dolomite indicating that fluid was dissolving the dolomite and was 
being replaced by quartz and talc. 
Silicate and carbonate isotopes were obtained for this sample and leachate. 
Y11 
88 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 cm 
Y13. Came from the mill reject buckets and is the only sample of large (2-5) cm dolomite 
crystals. The crystals are randomly oriented to each other. There is a dark brown dendritic 
mineral that occurs along crystal boundaries and inside crystal. There is also medium green 
talc, some of which shows striations either from growth, as a mold/cast of another mineral or 
from accommodational movements in a fault zone. The talc/dolomite contact is both rounded 
and angular, it appears the talc is replacing this dolomite and the angular contact is due to 
growth along dolomite crystal boundaries.  
A thin section was made of this sample and carbonate isotopes were done on the dolomite. 
Y14. Individual red and white/colorless dolomite crystals picked up along road. 
Used for carbonate isotopes and fluid inclusions. No photo. 
Y13 Y13 
89 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 cm 
Y15. Came from mill rejects. This sample contains quartz and talc. There are two types of 
quartz: pod quartz and hydrothermal quartz. The quartz is podular with individual quartz 
crystals (1-2 cm). Pods are small (2-4 cm) and angular. White quartz pods are also intergrown 
very angularly with the red/brown quartz. The hydrothermal quartz is red/brown and fine to 
medium-grained. It is porous and has small quartz crystal lined voids, it almost appears as 
though dolomite was completely replaced by this quartz and it leaves voids space next to the 
talc. It looks very similar to dolomite in other samples. The talc is medium green and had a 
botryoidal appearance when separated from the quartz. The contacts are all very irregular. 
 A thin section was made, and silicate isotope were obtained and leachate 
Y15 
Y16 
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5 cm 
Y17. From the mill reject buckets. Coarse-grained colorless to white dolomite and medium 
green talc. The dolomite has a yellow (silica) crust but is does not carry on to the talc. The talc 
is cutting the good cleavage in the dolomite, looks like the talc is replacing the dolomite. 
Used for carbonate isotopes. 
4 cm 
Y16. This sample came from the parking lot of the Yellowstone talc mine. The sample 
contains large dolomite and quartz crystals as well as small hematite balls that are growing in 
the outermost layers of crystalline quartz. There is also a layer a druzy quartz that coats both 
dolomite and crystalline quartz. Large (10-20 cm) open voids are present and are lined with 
intergrown but euhedral quartz and dolomite. The dolomite has three types: fine to medium-
grained red/brown dolomite, euhedral to subhedral dolomite crystals filling open void and a 
thin (>1 mm) coating of white dolomite in the large voids. There are two different kinds of 
quartz: crystalline quartz (which is most common) and a thin coating of gray druzy quartz. It 
is interesting that there is no talc present in the sample, it was collected for this reason. It is 
possible that the partial pressure of CO
2 
was too high to allow the precipitation of talc out of 
the fluid.  
A thin section was made for this sample and carbonate and silicate isotopes were obtained and 
leachate. 
Y17 
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5 cm 
This sample was collected along the west wall of the main pit at the Yellowstone Mine at stop 
III. It is a sample of medium-grained red dolomite and is has a large colorless dolomite crystal 
that can be seen at the center of the photograph. This crystal has good, visible cleavage but it 
seen that the red dolomite is replacing it from all sides. The reaction that was taking place was 
not far from equilibrium with dolomite as it was both dissolving and reprecipitating dolomite. 
Used for carbonate isotopes. 
Y18 
This is a sample of gray fine-grained marble and medium grained white dolomite. This sample 
was collected on the east side of the main pit at the Yellowstone Mine. Carbonate isotopes were 
obtained for both types of dolomite. This sample was chosen as it shows different generations of 
dolomite. 
Both white and gray were used for carbonate isotopes. 
5 cm 
Y27 
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5 cm 
Y28. This was collected on the west wall of the main pit and stop I. It is fine-grained red 
dolomite with lavender/grey talc. It was collected near the “talc dike” which had a similar 
color. 
Used for carbonate isotopes and thin sections. 
5 cm 5 cm 
Y29. White opaque coarse-grained dolomite with medium green talc. There is a yellow rind 
between talc and dolomite. 
Used for carbonate isotopes 
Y28 
Y29 
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Y30. Brown medium grained dolomite with small (1x2 mm) angular “clasts” of medium green 
talc. There are bands with more talc, also some feature that look like boudins of white talc 
Used for carbonate isotopes and thin section. 
 
 
 
 
 
 
 
 
 
 
5 cm 
5 cm 
Y30 
3 cm 
Y32 
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Y32. Brown medium grained dolomite with small (1x2 mm) angular “clasts” of medium green 
talc. There are bands with more talc, also some feature that look like boudins of white talc 
Used for carbonate isotopes and thin section. 
 
 
 
 
 
 
 
 
 
                                                              
 
Y33. Collected from the east side of the main pit. There is grey marble 
that is being replaced by white dolomite and green talc. There is a yellow 
rind between the marble and white dolomite. There are some lineations in 
the talc. 
Used for carbonate isotopes and thin section. 
Y34. Collected from the east side of Main pit. Gray marble, white medium grained dolomite 
and red hydrothermal dolomite. Also has green talc mostly in the white talc. There is some dark 
green talc also in the white dolomite. 
Used for carbonate isotopes. 
Y33 
Y34 
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2 cm 
Y35. Large colorless dolomite crystal 
that has been dissolved and red 
dolomite has been precipitated 
around the outside and some places 
inside. 
 
Both red and colorless dolomite was 
used for carbonate isotopes. 
5 cm 
Y36. From the mill reject buckets. Mostly red/brown dolomite with quartz and medium green 
talc. The quartz-dolomite contact is jagged while the dolomite-talc contact is smooth with the 
talc blobs replacing the dolomite. The talc-quartz contact it also jagged similar to the 
dolomite-quartz. There are little slivers of dolomite in the quartz. Some of the talc has a 
yellow silica rind 
 
Used for leachate, isotopes, thin section.  
Y35 
Y36 
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YTDTH. Pink talc “dikes” cutting pink dolomite immediately west of growth fault 
 pure talc with sharp contact. 
 
Possible quartz replacement 
4SiO
2
 (qtz) + 3Mg
+2 
+ 4H
2
O = Mg
3
Si
4
O
10
(OH)
2
 (tlc) + 2H
+
 
YI. From west of main growth fault. Gray/brown marble with pods of 
pink talc. In some cases, the talc appears totally isolated. 
Used for thin section and carbonate isotopes. 
YTDTH 
YI 
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Y37. Fine-grained brown/gray dolomite/marble with medium-grained anhedral dolomite 
along fracture. From ridge south of Johnny Gulch. 
Used for carbonate isotopes. 
Y38. Fine to medium-grained anhedral dolomite along fracture. There are some thin dark 
bands in the marble. From ridge south of Johnny Gulch. 
 
Used for carbonate isotopes. 
5 cm 
Y37 
5 cm 
Y38 
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Y39. Fine-grained brown/red 
dolomite/marble with medium-grained 
sub to euhedral white dolomite in 
possible vugs (honey holes). From 
ridge south of Johnny Gulch. 
 
Used for carbonate isotopes. 
Y40. Medium-grained dolomite. From Johnny Gulch. 
Used for carbonate isotopes. 
Y39 
Y40 
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Y41. Fined-grained gray/brown marble. From Johnny Gulch 
Used for carbonate isotopes. 
Y42. Light brown marble from top of hill north of Johnny Gulch near large a group of trees. 
This sample seems the least altered of the distal marble samples, there were no fractures or 
veins in the outcrop. 
3 cm 
Y41 
Y42 
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Y43. Light brown marble with cm to >mm colorless quartz veins. On the weathered surface 
the quartz veins form a box-work texture. Lighter colored bands in the dolomite look like 
crenulations. From Johnny Gulch. 
5 cm 
3 cm 
5 cm 
A2. Has lineations on both chlorite and quartz. Good example of yellow rutile 
 
This sample was not used for any analysis 
Y43 
A2 
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A3. Massive dark green 
chlorite with small quartz 
pods. The pods look like 
fracture fill from a void 
created by faulting, some of 
the quartz and surrounding 
chlorite have lineations. 
 
Used for leachate 
A4. Dark green chlorite with white quartz 
veins. The veins look like ribbon veins from a 
compressional setting (most likely a bend in a 
strike slip fault.) 
 
Used for chlorite and quartz isotopes, leachate 
5 cm 
5 cm 
A3 
A4 
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A6. Polished plug of quartz (white) and chlorite 
(green). Used for fluid inclusions, was one of two 
samples that were suitable for obtaining data from 
the Antler mine. 
2 cm 
A7. From a vein with quartz, chlorite and 
sericite. Not collected in the main pit but 
from an adjacent outcrop (photo with 
hammer). The chlorite is lighter green and 
harder than the dark green chlorite from the 
main pit.  
 
Used for leachate and isotopes from both 
chlorite and quartz. 
3 cm 
A6 
A7 
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This Sample was collected by Sandra Underwood. The white mineral is a mixture of talc (63%) 
and clinochlore (37%). Although the green mineral exhibits two different habits, blocky and 
bladed, both samples were identified as clinochlore using XRD.   
 
 
 
5 cm 
5 cm 
Beaverhead sample 
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XRD scans for Beaverhead sample 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
105 
WC_CHL_BR 
 
This sample was collected by Sandra Underwood. All minerals in this sample (white, green and 
silvery green) all were identified as chlorite using XRD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 10 cm 
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XRD scans for  
WC_CHL_BR 
 

